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Summary 
Surfactant is an abbreviation for surface-active-agent, which Hterally means 
active at a surface. In other words, a surfactant is characterized by its tendency to 
adsorb at surfaces or interfaces, and of altering to marked degree the surface or 
interfacial free energy of those surfaces [1]. Surfactants find application in almost 
every chemical industry, including detergents, paints, dyestuffs, cosmetics, 
pharmaceuticals, agrochemicals, fibres, and plastics. Moreover, surfactants play a 
major role in the oil industry, for example, in enhanced and tertiary oil recovery. 
A surfactant has two functional parts, namely, a hydrophilic (water soluble) 
or polar part, and a hydrophobic (oil soluble) or nonpolar part. Depending on the 
chemical structure of the hydrophobic portion, the surfactant may be classed as a 
cationic, anionic, nonionic or ampholytic (zwitterionic). Generally higher fatty 
acids and alcohols are used for the preparation of surface-active-agents. 
Surfactants belonging to the latter class contain both an anionic and a cationic 
charge under normal conditions. One of the most exciting developments in the 
field of surfactant chemistry is the emergence of the gemini surfactants. The term 
gemini, coined by Menger [2], has become accepted in the surfactant literature for 
describing dimeric surfactants, that is, surfactant molecules that have two 
hydrophilic (chiefly ionic) groups and tails per surfactant molecule. These twin 
parts of the surfactants are linked by a spacer group of varying length (most 
commonly a methylene spacer or an oxyethylene spacer). 
A fundamental understanding of the physical chemistry of surfactant 
organized assemblies, their unusual properties and phase behaviour is essential for 
most industrial chemists. Due to their wide spread use in many industrial 
applications, there has been an increasing interest in the surfactant research, both 
academic and applied, in recent years. 
In most of their applications, surfactants are used in the presence of 
additives. Among various additives, alcohols and amines hold a special place 
because alcohols and amines are the most common co-surfactants used with 
surfactants + oil systems to generate a microemulsion. The role of alcohol in 
microemulsion is multiple. First, it delays the occurrence of liquid crystalline 
phases. Second, it decreases the binding modulus [3-5] and increases the fluidity 
[6-8] of the mixed surfactant + alcohol interfacial layers separating oil and water. 
Third, it decreases the interfacial tension between the microemulsion phase and 
excess oil and water [9, 10]. Though the studies using amines as the co-surfactants 
in microemulsions are few, it has been proved that they are also potential 
candidates for such formulation [11,12]. 
Micellization 
One of the fundamental properties of surfactants is that the monomers in 
solution tend to form aggregates, so-called micelles. Micelle formation, or 
micellization, can be viewed as an alternative mechanism to adsorption at the 
interfaces for removing hydrophobic groups from contact with water, thereby 
reducing the free energy of the system. It is an important phenomenon since 
surfactant molecules behave very differently when present in micelles than as free 
monomers in solution. 
The concentration at which micelles first appear in solution is termed the 
critical micelle concentration (CMC). Experimentally the CMC is determined from 
the inflection point of plots of some physical property of the solution as a function 
of concentration. A wide variety of techniques involving the measurement of such 
physical properties as the surface tension, conductivity, light scattering intensity 
and osmatic pressure have been used in the determination of the CMC. 
Another important property of micelle formation is the mean aggregation 
number which provides direct information about the general size and shape of the 
aggregates formed by amphiphiles in solution, and how these properties are related 
to the molecular structure of the amphiphiles [13]. The mean aggregation number 
refers to the number of surfactant monomers that, on average, assemble to form a 
supramolecular structure, i.e., a micelle. The most common shape of micellar 
aggregates in solution is spherical, and hence these are the most extensively 
studied. The shape and size of the micellar aggregate can, in principle, be 
determined by various methods such as viscosity [14, 15], light scattering [16], 
diffusion sedimentation velocity, sedimentation equilibrium [17], ultrasonic 
absorption [18], time resolved fluorescence [19, 20], small-angle neutron 
scattering (SANS) [21], etc. 
Mixed micelle formation 
The amphiphilic molecules have a tendency to collect at any interface 
where the hydrophobic groups can be partially or completely removed from the 
contact of water and the hydrophilic groups remain wetted. This dual tendency of 
the molecules, as we know, results in the formation of the micelles. Various 
theoretical models have been proposed to interpret the formulation of mixed 
micelles (composition and interaction parameter) and monolayer formation. 
The first model given by Lange [22] and used by Clint [23], is based on 
phase separation model relates to the mole fraction and the critical micellar 
concentration {CMC) of the component in an ideal mixture, which is applicable to 
systems of mixed surfactants of similar structure, but hardly applicable to 
dissimilar combinations. This model is an idealization which neglects the 
interaction among different surfactants in the aggregated state. Rubingh [24] and 
Rosen [25-27] have made an attempt to explain the composition and specific 
interaction parameters between two surfactants of nonideal mixture in the bulk and 
in the interface, on the basis of regular solution theory (RST). The Rubingh model 
treats the mixed micelles as a regular solution. Though these theories are 
satisfactory but are questioned on thermodynamic grounds [28-30]. Motomura 
[31] considered the mixed micelles as a macroscopic bulk phase and proposed his 
thermodynamic model to describe the mixed micellar properties as a function of 
excess thermodynamic quantities, defined with reference to the spherical dividing 
surface. This model is independent of nature of surfactants and their counterions 
and is suitable for prediction of micellar composition. Maeda [32] explained that a 
mixed ionic -nonionic surfactant system often has a lower CMC much lower than 
the CMC of the pure components. This can be attributed to the decrease in the 
ionic head group repulsion caused by the presence of nonionic surfactant 
molecules between the head groups. Maeda suggested that besides regular solution 
interaction parameter, there could be another parameter that actually contributes to 
the stability of mixed micelles and put forward an equation to calculate the 
thermodynamic stability of ionic-nonionic mixed micelle through free energy of 
micellization function of micellar mole fraction of ionic components in the mixed 
micelle. By the introduction of values of interaction parameter and micellar mole 
fraction from different models, thermodynamic stability of mixed micelles can be 
evaluated. 
Georgiev's model is based on Markov's chain model [33] for 
polymerization process of mixed micelles, and has introduced two molecular 
parameters instead of one as in RST. 
Blankschtein [34, 35] has thermodynamically formulated models for 
mixed-surfactant systems (nonideal mixtures) to evaluate various physico-
chemical parameters. This is based on the CMC, chemical structure of 
hydrophobic and hydrophilic moieties of individual components, surfactant 
concentration, temperature, salt effect, etc. This theoiy helps to find out the CMC 
of binary surfactant mixtures, size and shape of the micelles and phase behaviour 
of solutions. 
Molecular thermodynamic theory has a quantitative basis than RST, and 
can be extended to multicomponent systems, expected to work better to know 
exact information on a mixed surfactant system [35]. 
Since the gemini surfactants are superior on micellar front among the 
surfactants, their performance may get further enhanced due to synergistic 
interaction, which prompted us to study the mixed micellization between 
gemini/alcohol and gemini/amine systems, based on tensiometry and fluorescence 
measurements. Both techniques allow for the determination of mixed critical 
micelle concentration and average aggregation number respectively. Other 
parameters such as C20 (the surfactant concentration required to reduce the surface 
tension of solvent by 20 mN/m), UCMC (the surface pressure at the CMC), 
maximum surface excess {r„ax), minimum surface area per molecule {A„i„), 
minimum free energy of the given air/water interface (G\i„), micelle mole fraction 
of component in mixtures (Xi), interaction parameter (^, activity coefficients (/i 
and fj), and excess Gibbs free energy (zJGex) have been calculated. These 
parameters enabling us, to draw a global picture of surfactant-additive interaction. 
The work has been divided into the following four chapters: 
In the general introduction {Chapter I) a detailed account of the behaviour 
of surfactants and the various phenomena exhibited by them, for example, 
micellization, causes of micellization, mixed micelles, theories of mixed micelle 
formation, etc., are described. 
Chapter II deals with the experimental details which have been followed in 
the study. Materials used, their purities, make, etc., are given in tabular form. 
Chapter III is divided into the following two parts: 
(A): Interactions between Cationic Gemini Alkanediyl-a, (o-
bis(dimethylcetylammoniuni bromide) Surfactants (16-5-16, s = 4,5,&) and 
Primary Linear Alcohols 
In this part, we have described mixed micellization and interfacial 
properties of cationic gemini surfactants alkanediyl- a, co-
bis(dimethylcetylammonium bromide) in the presence and absence of primary 
linear alcohols. The measurements were performed using a du Noiiy tensiometer at 
303 K. Parameters studied include CMC (critical micelle concentration), C20 
(concentration required to reduce the surface tension of the solvent by 20 mN/m), 
ncMC (the surface pressure at the CMC), F^ax (maximum surface excess 
concentration at air/solution interface), and Ami„ (minimum area per surfactant 
molecule). These parameters indicate mixed micellization between the surfactants 
and alcohols. The theories of Rosen and Rubingh have been used to investigate the 
interaction between the surfactants and alcohols at the interface and in the micellar 
solution. The micelle aggregation number (Nagg) and other related parameters of 
mixed systems have been obtained using the steady state fluorescence quenching 
method. 
The results of this study allow us to conclude that: 
1. The trend of the increase in f^ax and decrease of CMC and A„i„ are due to 
formation of mixed micelles with the gemini surfactants. 
2. As the spacer chain length of gemini surfactants increases, the CMC, C20, and 
A„,„ values increase while UCMC and F^ax. values decrease. 
3. The yf? values (both ^ and fi^) indicate the attractive interaction and the 
interaction is more in case of smaller spacer chain length. 
4. The gemini surfactant/alcohol systems show an increase in synergism with the 
increase in alcohol concentration because we get more negative values of 
interaction parameters (both yf and ^ ). So we can say that there is an increase in 
synergism with increase in the concentration of additives. 
5. The negative values of AGex at all mole fractions of alcohols indicate the 
stability of the micelles. 
6. Values of Nge,„ and Nakohoi again indicate that at higher alcohol mole fractions, 
their contribution is more than of the geminis. 
(B): Interactions between Cationic Gemini Alkanediyl-a, (o-
bis(dimethylcetylamnioniuni bromide) Surfactants (16-5-16, s = 4,5,6) and 
Alcohols (1,2-Butandiol, 2-Methyl-l-butanol, 2-Ethyl-l-butanol, 2-Butene-
1,4-dioI) 
For more detailed relationships of the architecture of gemini surfactants 
with the properties of mixed micelles, here we have taken some different alcohols 
(1,2-butandiol, 2-methyl-l-butanol, 2-ethyl-l-butanol, 2-butene-l,4-diol) and seen 
mixed micellization with cationic gemini alkanediyl-a, co-
bis(dimethylcetylammonium bromide) surfactants (16-5-16, s = 4, 5, 6). All the 
parameters are calculated here like part A and follow similar trend. 
Chapter IV is divided into the following two parts: 
(A): Interactions between Cationic Gemini AIkanediyl-«, (o-
bis(dimethylcetylammonium bromide) Surfactants (16-5-16, 5 = 4,5,6) and 
Primary Linear Alkyl Amines 
In this part, we have described studies on the effect of chain length of alkyl 
amines on the critical micelle concentration (CMC) of cationic gemini alkanediyl-
a, £0-bis(dimethylcetylammonium bromide) surfactants (16-5-16, s = 4, 5, 6). A 
synergistic effect was observed in all instances that were found to be correlated 
with chain length. It was found that the CMC of 16-5-16 decreased with increasing 
amine concentrations and the extent of effect followed the sequence: octylamine 
10 
(CgNHj) > heptylamine (C7NH2) > hexylamine (CgNHa) > pentylamine (C5NH2) > 
butylamine (C4NH2). C20, ratio of C20 and CMC, maximum surface excess (r^ax) 
and minimum surface area per molecule (Ami„) were evaluated. Mixed micelles 
were formed with the gemini surfactants and the CMC values of the mixtures were 
used to compute jT (the interaction parameter for mixed micelle formation in 
aqueous medium), /f (the interaction parameter for mixed monolayer formation at 
the aqueous solution/air interface), and the activity coefficients (/i and ^ ) . The 
minimum free energy {G^mi„) at air/solution interface is also evaluated. 
Fluorescence measurements were not possible because the amines act as quencher. 
In our study with amines/geminis and alcohols/geminis, we find that the CMC 
values are higher with amines in comparison to the values with alcohols. This can 
be understood in light of the hydrophobic ranking of the two types of additives. 
Amines are more hydrophilic than alcohols in the cationic systems. It is known 
that C4 to Cio alkyl amines are solubilized in ionic micelles by electrostatic and 
hydrophobic effects with the amine group left on the micellar surface. Their partial 
dissociation into NH3 ^ and OH' may affect the electrostatic interaction with the 
cationic head group, which may hinder the micellization. 
(B): Interactions between Cationic Gemini Alkanediyl-a, (o-
bis(dimethylcetylammonium bromide) Surfactants (I6-5-I6, s = 4,5,6)and 
Ethyleneamines (Ethylenediamine, Diethylenetriamine, Triethylenetetramine, 
Tetraethylenepentamine) 
11 
In this part, the surface properties and mixed micellization of cationic 
gemini alkanediyl-a, a>-bis(dimethylcetylammonium bromide) surfactants (16-5-
16, s = 4, 5, 6) in presence of different mole fractions of ethyleneamines 
(ethylenediamine, diethylenetriamine, triethylenetetramine, 
tetraethylenepentamine) at 303 K are reported. Here too the same parameters are 
studied like part A of this Chapter. The amine additives used in this part contain 
more than one nitrogen atoms. The CMC values of 16-5-16 decreased with 
increasing amine concentrations and the extent of effect followed the sequence: 
tetraethylenepentamine > triethylenetetramine > diethylenetriamine > 
ethylenediamine. This order is consistent with the number of nitrogen atoms and 
the length of hydrocarbon portion of the amine additives. This effect may be 
attributed to the hydrogen bonds, formed between the nitrogen atoms of amine 
additives and the water molecules in the electrical double layer and in the alkyl 
region near the palisade layer of the micelle. 
12 
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Chavter-I 
General Introduction 
Surfactants and their classification 
"Surfactants", a happy and convenient contraction of "surface active 
agents", ov^ e their name to their interesting behaviour at surfaces and interfaces. 
When present at low concentration in a system, they have the property of 
adsorbing onto the surfaces or interfaces of the system and the adsorption of 
surfactants lowers the interfacial tension between phases. Because of their ability 
to lower interfacial tension, surfactants are used as emulsifiers, detergents, 
dispersing agents, foaming agents, wetting agents, penetrating agents and so forth. 
A surfactant molecule consists of at least two parts, one which is soluble in 
a specific fluid (the lyophilic part) and one which is insoluble (the lyophobic part). 
When the fluid is water these parts are known as the hydrophilic and hydrophobic, 
respectively. The hydrophilic part is referred to as the head group and the 
hydrophobic part as the tail (Figure 1.1). 
f Hydrophilic Hydrophobic 
I (Head Group) (jajj) 
>•'. S'-ir --A tt-.'-^y^/Jf/A; '^/A^ 
Figure 1.1: Schematic illustration of a surfactant monomer. 
Most of the surfactants have a long hydrocarbon tail that can be linear or 
branched and interacts only very weakly with the water molecules in an aqueous 
environment. The hydrophilic head is a relatively small ionic or polar group that 
interacts strongly with water via dipole-dipole or ion-dipole interactions. Hence, a 
surfactant can be said to have a split personality, as it is composed of two parts 
with entirely different tendencies. Because of this unusual amphipathy property, 
surfactants are very versatile substances. 
Surfactants are widely used in both industry and everyday life, and the 
properties of the surfactant aqueous solutions have received considerable attention. 
Recently, the aggregation phenomenon of amphiphiles in non-aqueous media has 
been the scope of many researchers due to the increasing use of these materials in 
applications which require water-free or water-poor media [1]. The solvents used 
in these studies are strongly polar with water resembling properties, such as 
ethylene glycol, formamide, or glycerol [2-9]. Most surfactants used in practical 
applications are mixtures [10, 11]. Surfactant mixtures are commonly utilized in 
many surfactant formulations and practical applications because mixtures often 
behave synergistically and provide more favorable, or desirable, properties than 
the constituent single surfactants [12]. 
Classification of surfactants 
The surfactant's hydrophobic group is usually a long-chain hydrocarbon 
residue, and less often a halogenated or oxygenated hydrocarbon or siloxane 
chain, the hydrophilic group is an ionic or highly polar group. Depending on the 
nature of the hydrophilic group, surfactants are classified as: 
1. Anionic surfactant: The surface-active portion of the molecule bears a negative 
charge. 
Example: Sodium dodecyl sulphate 
CH3(CH2)iiOS03"Na^ 
2. Cationic surfactant: The surface-active portion of the molecule bears a positive 
charge. 
Example: Cetyltrimethylammonium bromide 
CH3(CH2),5(CH3)3N"Br-
3. Zwitterionic surfactant: Both positive and negative charges are present 
in the surface active portion. 
£!xam/7/e://-dodecyl-A ,^A^-dimethylglycine 
(CHJKCHJ),! N^(CH3)2CH2 C 0 0 ~ 
4. Nonionic surfactant: The surface active portion bears no apparent ionic charge. 
Example: Polyoxyethylene 20 cetyl ether (Brij58) 
Ci6H33(CH2CH2O)20-OH 
5. Gemini surfactant: Gemini or dimeric surfactants are the surfactants that have 
two hydrophilic groups and two hydrophobic groups per molecule, rather than the 
single hydrophilic and the single hydrophobic group of conventional surfactants 
(Figure 1.2). Their surface properties were first described by Mitsui Okahara of 
Osaka University and his colleagues [13-17], who synthesized them in their 
laboratories. 
Compared with conventional surfactants, dimeric surfactants (gemini 
surfactants) are more efficient in lowering surface tension and have a much lower 
critical micelle concentration {CMC) and better wetting properties [18-27]. They 
possess specific rheological and some specific aggregation properties [24, 28-34]. 
Therefore, it is not surprising that today they are widely used as effective 
emulsifiers, bactericidal agents, dispersants, antifoaming agents, detergents, etc. 
An important feature of these surfactants is the ability to design their 
physicochemical properties, supramolecular structure, and biodegradability by 
changing the nature and size of the spacer and alkyl chains. The general structure 
of the gemini surfactant is shown in Figure 1.2. 
ion ) ^ ( ion 
Figure 1.2: Schematic representation of gemini surfactant. 
Micelle formation 
One of the most characteristic properties of amphiphilic molecules is their 
capacity to aggregate in solutions. The aggregation process depends, of course, on 
the amphiphilic species and the condition of the system in which they are 
dissolved. The narrow concentration range over which surfactant solutions show 
an abrupt change (Figure 1.3) in physicochemical properties is called the critical 
concentration for the formation of micelle or 'critical micelle concentration' 
{CMC) [35-37]. 
Term CMC was established by Bury [38], defining it as a concentration 
range below which surfactant is in solution as monomer and above which 
practically all additional surfactant added to the solution form micelles. 
cmc 
Q. 
o 
^iononc* 
Surfactant Concentration 
Figure 1.3: Variation of physical properties with surfactant concentrations. 
Just above the CMC, micellar structure is considered to be roughly globular or 
spherical [39, 40]. A schematic representation of such a structure is given in 
Figure 1.4. 
.Gouy-Chapman Layer 
.Shear Surface 
> ^ ^ Stern Layer 
Core 
Figure 1.4: Model of hypothetical ionic micelle showing the locations of 
headgroups, surfactant chains and counterions. Curved arrows symbolize the 
liquid - hydrocarbon - like nature of the core. 
Figure 1.4 is a useful model for qualitative understanding of experimental 
results. Hydrophobic cores of micelles have diameters of about 10-30 A. The 
charged coat of ionic micelles, called the Stem layer, is usually 60-90% 
neutralized by counter ions in aqueous surfactant solutions without added salt [40]. 
The surface charge of ionic micelles results in an electrical potential on the order 
of 100 mV at the micellar-water interface with the same sign as the surfactant head 
group [41]. If salt is added to the solution, the surface potential is partly 
neutralized. This decreases coulombic repulsion between adjacent head groups and 
allows the formation of larger micelles. A solution having a single, very narrow, 
distribution of micellar sizes is often called monodisperse. As concentrations of 
surfactant or salt (or both) in water are increased, globular micelles gradually turn 
into larger, rodlike micelles. Under some experimental conditions, spherical and 
rodlike micelles coexist in the same solution, such systems containing two (or 
more) distinct distributions of micellar sizes are called polydisperse. At higher 
concentrations of surfactant or salt, rodlike micelles begin to predominate. Finally, 
at very high surfactant concentrations, lamellar liquid crystal phases may be 
formed [40]. 
Not all surfactants form micelles in water. Depending on structure, som.e 
surfactants disperse in water as lamellar liquid crystal phases or vesicle. The 
practical results are that water-soluble, single chain surfactants such as sodium 
dodecyl sulfate, cetyltrimethylammonium bromide, and polyoxyethylene alcohols 
form micelles in water. Double-chain surfactants such as 
didodecyldimethylammonium bromide, dihexadecylphosphate, and many 
phospholipids are insoluble in water and do not form micellar structures. 
Factors affecting the value of the critical micelle concentration 
Since the properties of solutions of amphiphiles change markedly when 
micelle formation commences, a great deal of work has been done on elucidating 
the various factors that determine the concentration at which micelle formation 
becomes significant (i.e., CMC), especially in aqueous media. 
Among the factors known to affect the CMC markedly in aqueous solutions 
are 
1. Structure of amphiphiles 
2. Presence of various additives in the solution 
3. Experimental conditions such as temperature, pH, pressure, solvent, etc. 
1. Structure of amphiphiles: In general, the CMC decreases as the hydrophobic 
character of the surfactant increases, i.e., CMC decreases as the number of the 
carbon atoms in the hydrophobic group increases. In aqueous medium ionic 
surfactants have much higher CMC's than non-ionic surfactants containing 
equivalent groups. Zwitterionic surfactants appear to have about the same CMC's 
as ionics with the same number of carbon atoms in hydrophobic group. The CMC 
increases as the head group is closer to the two branches of the chain partially 
shielding one another, interfacial energy effects are smallest. In aqueous medium, 
the CMC's of ionic surfactants decrease with decrease in the hydrated radius of the 
counterion. When the hydrophobic group is branched, the carbon atoms on the 
branches appear to have about one-half the effect of carbon atoms on a straight 
chain [42]. When carbon-carbon double bonds are present in the hydrophobic 
chain, the CMC is generally higher than that of the corresponding saturated 
compound, with the cis isomer generally having a higher CMC than the trans 
isomer. This may be the result of a steric factor in micelle formation. Surfactants 
with either bulky hydrophobic or bulky hydrophilic groups have large CMC values 
than those with similar, but less bulky, groups. The increase in the CMC upon 
introduction of a bulky hydrophobic group in the molecule is presumably due to 
the difficulty of incorporating the bulky hydrophobic group in the interior of a 
spherical or cylindrical micelle. 
2. Presence of various additives in the solutions: 
(a) Effect of electrolyte: In solutions of increasing ionic strength, the forces of 
electrostatic repulsion between head groups of an ionic micelles are considerably 
reduced, enabling micelles to form more easily, that is, at lower concentration. In 
other words, addition of electrolyte to ionic surfactants causes CMC [43], the 
effect being more pronounced for anionic and cationic than for zwitterionic 
surfactants, and more pronounced for zwitterionics than for nonionics. The effect 
of the concentration of electrolyte is given by equation [43] 
\ogCMC = -a\ogCi + b (1.1) 
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where a and b are constants for a given ionic head at a particular temperature and 
C/ is the total (monovalent) counterion concentration in mole per dm .^ The 
depression of the CMC in these cases is due mainly to the decrease in the 
thickness of the ionic atmosphere surrounding the ionic head groups in the 
presence of the additional electrolyte and the consequent decreased electrical 
repulsion between them in the micelle. For sodium luarate and sodium 
naphthenate, the order of decreasing effectiveness of the anion in depressing the 
CMC is P04^" > 8407^" > Oi r > C03^' > HCO3' > S04^' > NO3" > Cr [44]. 
For nonionics and zwitterionics, equation (1.1) does not hold. Instead, the 
effect is given by the equation [45] 
log CMC = -K Cs + constant (Cs < 1) (1.2) 
where K is a constant for a particular surfactant, electrolyte and temperature and 
Cs is the concentration of electrolyte in mole per dm .^ 
The change in the CMC of nonionics and zwitterionics on the addition of 
electrolyte has been attributed [46, 47] mainly to the "salting out" or "salting in" 
of the hydrophobic groups in the aqueous solvent by the electrolyte, rather than to 
the effect of the latter on the hydrophilic groups of the surfactant. Salting in or 
salting out by an ion depends upon whether the ion is a water structure breaker or 
a water structure maker. 
(b) Effect of organic additives: Organic compounds affect the CMC either by 
penetrating into the micellar region, or by modifying solvent-micelle or solvent-
monomer interactions. Non-polar compounds, such as hydrocarbons, that are 
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believed to penetrate into the inner portion of the core, decrease the CMC only 
slightly. Addition of longer chain alcohols promotes micelle formation and lowers 
the CMC. The magnitude of CMC decrease depends on the alkyl chain length of 
the organic additive and the hydrophilic group associated with the chain. Urea, 
formamide, and guanidinium salts are believed to increase the CMC of surfactants 
in aqueous solution because of their disruption of the water structure. These water 
structure breakers may also increase the CMC by increasing the entropy effect 
accompanying micellization. 
3. Experimental conditions: 
(a) Temperature: Temperature increase causes decreased hydration of the 
hydrophilic group, which favours micellization. However, temperature increase 
also causes disruption of the structured water surrounding the hydrophobic group, 
an effect that disfavours micellization. The relative magnitude of these two 
opposing effects, therefore, determines whether the CMC increases or decreases 
over a particular temperature range. From the data available, the minimum in the 
CMC - temperature curve appears to be around 25 °C for ionics [48] and around 
50 °C for nonionics [49, 50], For bivalent metal alkyl sulphates, the CMC appears 
to be practically independent of the temperature [51]. 
(b) pH: When amphiphile molecules contain ionizable groups such as -NH2, 
-(CH3)2N->0 and -COOH, the degree of dissociation of the polar group will be 
dependent on pH [52]. In general, the CMC will be high at pH values where the 
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group is charged (low pH for -NH2 and -(CH3)2N->0, high pH for -COOH) and 
low when uncharged. Some zwitterionic surfactants become cationic at low pH, a 
change that can be accompanied by a rapid rise in the CMC [53], or a more modest 
rise [54] depending on the structure and hence hydrophilicity of the zwitterionic 
form. 
(c) Pressure: Many reports have appeared on the effect of pressure on micelle 
formation of ionic [55-60] and non-ionic amphiphiles [61]. With pressure, CMC of 
ionic surfactants increases up to 1000 atm followed by a decrease above this 
pressure [62-67]. Such behaviour has been rationalized in terms of solidification of 
the micellar interior, increased dielectric constant of water [63], and other aspects 
related to water structure [64]. For non-ionic amphiphiles, the CMC value 
increases monotonously and then levels off with increasing pressure. 
(d) Solvent medium: In ethylene glycol, the CMC of surfactants decreases as the 
length of the hydrophobic chain increases, but the change is much smaller than 
that in water [68] for polyoxyethylenated non-ionic solutions in benzene and 
carbon tetrachloride, CMC's decrease with increase in the length of the 
polyoxyethylene group at constant hydrophobic chain length. 
The CMC's in benzene for alkylammonium carboxylates increase with 
increase in the length of the alkyl chain of the anion but decrease with increase in 
the length of the alkyl chain of the cation; in carbon tetrachloride, there is no 
significant change in the value of the CMC with these structural changes. The 
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CMC is lower in D2O than H2O for different amphiphiles [69, 70]. The 
hydrophobic bonds are expected to be stronger in D2O than H2O [71]. Also, 
micelles in D2O are larger than H2O [72]. 
Thermodynamics of micelle formation 
Thermodynamic analysis of the micellization is based on two models: 
1. Phase-separation model 
2. Mass-action model 
In the phase-separation model the micelles are considered to form a 
separate phase at the CMC, while in mass-action model, micelles and unassociated 
monomers are considered to be in association-dissociation equilibrium. In both of 
these treatments the micellization phenomenon is described in terms of the 
classical system of thermodynamics. The application of the mass-action and 
phase-separation models to both ionic and nonionic micellar systems are deccribed 
below: 
1. Phase-separation model 
According to this model, micelles and counterions are treated as separate 
phase. However, the micelles do not constitute a "phase" according to the true 
definition of this concept since they are not homogeneous and uniform throughout. 
Similarly, there are problem.s associated with the application of the phase rule 
when considering micelles as a separate phase [73]. 
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(a) Application of the phase-separation model to non-ionic surfactants 
To calculate the thermodynamic parameters for the process of micellization 
a primary requisite is to define the standard state. The hypothetical standard state 
for the surfactant in the aqueous phase is taken to be the solvated monomer at unit 
mole fraction with the properties of the infinitely dilute solution. For the surfactant 
in the micellar state, the micellar state itself is considered to be the standard state. 
If jUs and ju„ are the chemical potentials per mole of the unassociated 
surfactant in the aqueous phase and associated surfactant in the micellar phase, 
respectively, then since these two phases are in equilibrium 
Ms=Mm (1.3) 
For non-ionized amphiphile, 
M, = M"s + RT\na, (1.4) 
At low concentration of free monomers, the activity of surfactant monomer, as, 
may be replaced by the mole fraction of monomers Jf^  and equation (1.4) becomes 
Ms^M'^s + RTlnXs (1.5) 
where ju''^ is the chemical potential of standard state. 
Since the micellar state is in its standard state 
Mm=M'^m (1.6) 
If the J G „ is the standard free energy for the transfer of one mole of amphiphile 
from the solution to micellar phase, then 
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AG'„ = n"„,- fi\ = ^,rr- ^^s^ RT\nXs = RT\vOC, (1.7) 
Assuming that the concentration of free surfactant in the presence of micelle is 
constant and equal to the CMC value, XCMC, then 
AG'',r, = RT\r\XcMC (1-8) 
XCMC is the CMC expressed as a mole fraction, therefore, 
XCMC = nJ{ns+nn^o) (1.9) 
Since the number of moles of free surfactant, n^, is small compared to number of 
moles of water, AZHJO. therefore, equation (1.9) can be written as 
XcMC^ns/riH^o (1-10) 
Substituting the value of equation (1.10) into the equation (1.8) and applying 
logarithm we get 
AG'^„ = 2.303RT (log CMC - log w) (1.11) 
where w = mol dmVater (55.40 mol dm"^  at 20 °C). 
Application of Gibbs -Helmholtz equation to equation (1.8) gives 
dldT(AG'jT)p= -R(d\nXcMc/dT)f^ -Affjf (1.12) 
Hence the standard enthalpy of micellization per mole of monomer, Alf^, is 
/llf„=-RfidlnXcMc/dT)p=R(d\nXcMc/d(VT))p (1.13) 
Also, standard entropy of micellization per mole of monomer, AS J, is given by 
ASfr„=iAH'„-AG'^)/T (1.14) 
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(b) Application of phase separation model to ionic surfactants 
In the calculation of/iG^^, it is necessary to consider not only the transfer 
of surfactant molecules from the aqueous to micellar phase but also the transfer of 
(l-«) moles of counterion from its standard state to the micelle. Therefore, 
equation (1.7) can be written as 
AG\=RTlnX, + (\~a)RT\nX, (1.15) 
where X^ and X^ are the mole fractions of surfactant ions and counterions, 
respectively. 
The analogous equations (1.8) and (1.11) for an ionic surfactant in the absence of 
added electrolyte are 
AG"„,= i2-a)RT\nXcMC (1.16) 
AG",„^ (2 - a) 2303RT (log CMC-log W) (1.17) 
It is assumed that micellar phase is composed of the charged aggregates together 
with an equivalent number of counterions, and equations 
(1.16) and (1.17) are approximated to 
AG^^^lRTlnXcMC (1.18) 
/IG\ = 4.606RT (log CMC - log w) (1.19) 
The enthalpy of micellization /ilf„„ for ionic surfactants is given by 
Alf^= -2RfidlnXcMc/dT)p (1.20) 
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One of main criticism of phase separation model is that it predicts that the 
activity of the monomer above the CMC remains constant. Surface tension and 
emf measurements indicate decrease in monomer activity above CMC for ionic 
surfactants. 
2. Mass-action model 
In the mass-action model, it is assumed that associated and unassociated 
surfactant ions are in association-dissociation equilibrium and micellization is 
considered as a reversible process. The mass-action model was originally applied 
to ionic surfactants but latter it was applied to nonionic surfactants also. 
(a) Application of the mass-action model to non-ionic surfactants 
Micelles, M, are considered to be formed by a single step reaction from n 
monomers, D, according to 
« Z ) ^ = ^ M (J 21) 
The equilibrium constant for micelle formation, K^, is then given by 
Krr, = a„/(af (1.22) 
Corkill et al. [74] have shown that at the CMC the standard free energy of 
micellization, AG^m, is given by 
AG'm =RT 1(1-1/n)lnXcMc-^f(n)] (1.23) 
where 
f(n)= l/n[lnn(2n-I/n-2)+ (n-l)lnn(2n-l)/2(n-l)] (1.24) 
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If n is large, equation (1.23) reduces to 
AG\ = RnnXcMc (1-25) 
Applying the Gibbs-Helmoltz equation and assuming the aggregation number, n, 
to be large and independent of temperature 
^lf„= -Rf{d\nXcMcldT)p= R {d \nXcMcld{\IT))p (1.26) 
The aggregation numbers of many non-ionic surfactants vary with temperature and 
in some cases a concentration dependence of n has been reported. In such cases 
equation (1.26) is not applicable. 
(b) Application of mass-action model to ionic surfactants 
The ionic micelles, M^'', is considered to be formed by the association of n 
surfactant ions, D*, and (n-p) firmly bound counterions, X'. 
The equilibrium constant for micelle formation assuming ideality, is thus, 
K„=XJ(Xf(X:J"-' (1.28) 
where X^ . is the mole fraction of counterion. 
The standard free energy of micellization per mole of monomeric surfactant is 
given by 
AG°„=-RT/nlnK„, ^-RT/n lnXJ(X/(X^"'" (1.29) 
When the aggregation number, n, is large, and when data in the region of the CMC 
are considered, equation (1.29) becomes 
AG°,„ = (2 -p/n)RnnXcMc (1.30) 
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equation (1.30) is of the same form as equation (1.16) from the phase-separation 
model, since a = pJn. The two equations differ slightly because of differences in 
the way in which the mole fractions are calculated. In the phase-separation model 
the total number of moles present at the CMC is equal to the sum of the moles of 
water and surfactant whereas the total number of moles in the mass-action model 
is equal to the sum of the moles of water, surfactant ions, micelles, and free 
counterions. 
The standard enthalpy of micellization (per mole of monomer) is given by 
z///',= -(2 - a) Rf {d \nXcMcldT)p 
= {2-a)R[{d\nXcMdd{\IT)]p (1-31) 
The mass-action model is more realistic model than the phase-separation model in 
describing the variation of monomer concentration with total concentration above 
the CMC. 
Both the mass-action and phase-separation models, despite their limitations, are 
useful representations of the micellar process and may be used to derive equations 
relating the CMC to the various factors that determine it. 
Other thermodynamic models 
The thermodynamics of small systems developed by Hill [75] has been 
applied to non-ionized, non-interacting surfactant systems by Hall and Pethica 
[76]. In this approach, aggregation number is treated as thermodynamic variable, 
thereby enabling variations in the thermodynamic functions of micelle formation 
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with the mean aggregation number, <n>, to be examined. The thermodynamic 
functions of micelhzation assuming solution ideahty are as under 
/IG\= RT [\nX,- i\nXJ<n>)] (1.32) 
^H"^= - Rf- [(dlnX,/d7)/-l/<n>(dlnX;„/d7)/>] (1.33) 
A^^= -RT {d\rajdT)p+RTI<n>id\viKJ(M)p 
-R\nXs+{RI<n>)\rar„ (1.34) 
For systems where <n> is large and changes little with temperature, 
equations (1.32) to (1.34) are reduced to the corresponding equations of mass-
action or phase-separation models. 
Another approach for that of small systems was formulated by Corkill and 
coworkers and applied to systems of non-ionic surfactants (77, 78]. This muhiple 
equilibrium model considers equillibria between all micellar species present in 
solution rather than a single micellar species, as was considered by mass-action 
theory. The standard free energy and enthalpy of micellization are given by 
equations of similar form to equations (1.32) and (1.33) and are shown to 
approximate satisfactorily to the appropriate mass-action equations for systems in 
which the mean aggregation number exceeds 20. 
An interesting model of micelle formation based on geometrical 
considerations of micelle shape has been proposed by Tanford [79]. Equations 
are presented which relate the micelle size and CMC to a size-dependent free 
energy of micellization. The calculations are based on the assumptions of an 
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ellipsoidal shape. The hydrophobic component of the free energy is estimated in 
terms of the area of contact between the hydrophobic core and the solvent. The 
hydrophilic component of JG'^ w, i.e., the free energy of repulsion between the head 
groups, is assumed to be inversely proportional to the surface area per head group. 
This approach has been further developed by Ruckenstein and Nagarajan [80] and 
used in the prediction of the properties of sodium octanoate micellar solutions 
[81]. 
Micellar aggregation numbers 
An important property of micelle formation is the mean aggregation 
number which provides direct information about the general size and shape of the 
aggregates formed by amphiphiles in solution, and how these properties are related 
to the molecular structure of the amphiphiles. The mean aggregation number refers 
to the number of surfactant monomers that, on average, assemble to form a super 
molecular structure, i.e., a micelle. The most common shape of micellar 
aggregates in solution is spherical, and hence these are the most extensively 
studied. The main driving force for the self-assembly of surfactant monomers into 
micelles is to minimize the hydrocarbon-water contacts in solution. For this 
reason, the lower limit of the number of surfactant monomers that form a micelle 
is dictated by the minimum number that must come together to effectively shield 
one another from contact with water [82]. 
From geometric considerations, the aggregation number Nagg of micelles in 
aqueous media should increase rapidly with increase in the length of the 
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hydrophobic group Ic of the surfactant molecule and decrease with increase in the 
cross-sectional area of the hydrophilic group ao or the volume of the hydrophobic 
group VH. 
Ionic surfactants containing a single long alkyl chain and zwitterionics 
(containing a single long alkyl chain) in which the electrical charges are not on 
adjacent atoms show aggregation numbers of less than 100 in aqueous solutions 
containing low or moderate concentrations of NaCl (< O.IM), and these vary only 
slightly with the surfactant concentration up to about 0.1-0.3M [83]. This is 
indicative of spherical micelle formation. At high salt content, however, n 
increases sharply with surfactant concentration [84], with formation of rodlike 
cylindrical or disklike lamellar micelles. The formation of rodlike micelles and the 
sharp increase in aggregation number result in an increase in the viscosity of the 
aqueous solution [85]. 
In the case of non-ionic surfactants, steric effect as well as a preference for 
the hydration of the head group opposes micelle formation [82]. Micelle 
formation, therefore, represents a cooperative process, whereby a number of 
surfactant monomers come together through a compromise of opposing forces. It 
is important to note that micelles are not "monodisperse" in nature, i.e., they do 
not have a uniform size of a fixed number of monomers. Rather there exists a 
distribution of aggregate sizes from which the average number of monomers 
contained in a micelle is taken as the mean aggregation number, Nagg. 
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In polar solvents, such as chloroform or ethanol, micellization does not 
occur or, if it does, the aggregation number is very small, presumably because the 
polar surfactant molecules can dissolve in the solvent without distorting its liquid 
structure significantly. As might be expected, in these solvents, surfactants have 
also almost no tendency to adsorb at the interfaces. 
Mixed micellization 
The amphiphilic molecules have a tendency to collect at any interface 
where the hydrophobic groups can be partially or completely removed from the 
contact of water and the hydrophilic groups remain wetted. This dual tendency of 
the molecules, as we know, results in the formation of the micelles. 
The formation of micelles from more than one chemical species gives rise 
to what is known as mixed micelles. Micelles may be formed from the compounds 
which are either heterodisperse or polydisperse, and Gibbons [86] had identified 
important difference between the two types of compounds. Nemethy and Ray [87] 
have taken advantage of this important property of polydisperse compounds in a 
thermodynamic study of micelle formation by nonionic surfactants in ethylene 
glycol-water mixtures. Another class of mixed micelles results when low 
molecular weight molecules are solubilized by micelles formed from surfactants 
containing a relatively larger nonpolar side chain. The solubilized substance, also 
called a penetrating additive [70], may be located in the hydrocarbon core [88] or 
hydrophilic mantle [89]. Several studies have been concerned with this aspect of 
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micelle formation [90]. The surface properties of ionic micelles have been shown 
to be altered by mixed micelle formation. Tokiwa and Ohki [91] have shown that 
the addition of an anionic surfactant increases the apparent dissociation constant of 
micelles of a cationic-nonionic surfactant, and the addition of a cationic surfactant 
produces the opposite effect. The degree of counterion binding by mixed micelles 
formed from anionic and nonionic surfactants was found to decrease as the 
proportion of the nonionic component increased. It was also found to depend upon 
the length of the nonionic polyoxyethylene head groups [92]. These observations 
can be understood in terms of an altered charge density at the micelle surface as a 
result of mixed micelle formation, and possible interaction between the anionic 
and nonionic head groups. The latter has been demonstrated by NMR studies 
[93, 94] in which the aromatic portion of the anionic surfactant shifts the proton 
resonance signal of the polyoxyethylene group upfield. 
From application point of view, mixed micelles are often used in technical, 
pharmaceutical, and biological fields, since they work better than pure micelles 
[12, 95]. They have importance in industrial preparation, pharmaceutical and 
medicinal formulation, enhanced oil recovery process, and so forth, by way of 
efficient solubilization, suspension, dispersion, and transportation influenced by 
temperature, pressure, pH, nature of solvent, additives, etc. [96]. 
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Theories of mixed micellization 
A mixed micelle is one, which is composed of surfactant molecules of more 
than one type. Interest in mixed micelles has largely been driven by industry, in 
search of properties that lie beyond that defined by each surfactant component. 
Such a synergistic effect greatly improves many technological applications in 
areas such as emulsion formulation, interfacial tension reduction, cosmetic 
products, pharmaceuticals, and petroleum recovery, etc. In this regard, the specific 
interaction between two components of a mixture on their physicochemical 
properties including the adsorption behaviour and micellization is of paramount 
importance. Various theoretical models have been proposed to interpret the 
formulation of mixed micelles (composition and interaction parameter) and 
monolayer formation. The first model given by Lange [97] and used by Clint 
[98], is based on phase separation model and assumes ideal mixing of the 
surfactant in the micellar phase. Rubingh [99] proposed a treatment based on 
regular solution theory for non-ideal mixed systems which has been extensively 
used [100, 101]. Motomura et al. [102] proposed a thermodynamic method to 
describe the mixed micellar thermodynamic properties as functions of excess 
thermodynamic quantities. More recently, Rodenas et al. [103] used a simple 
theoretical treatment, based on Lange's model that utilizes the Gibbs-Duhem 
equation to relate the activity coefficients of the surfactants in the mixed micelles. 
Maeda [104] inlroduced a term, Gnuc, as a measure of stability of mixed systems. 
Attempts by other workers [105-108] have been made to predict the properties and 
26 
interactions in binary surfactant systems, particularly remarkable in this respect 
are the efforts recently carried out by the Blankschtein's group [106, 109-113], 
who proposed a molecular-thermodynamic approach as a valuable tool to predict 
solution properties of mixed surfactant systems. Apart from this, Rosen et al. 
[114-116] have extended the non-ideal solution treatment of Rubingh [99] for 
mixed micelle formation by binary surfactant systems to estimate, from surface 
tension data, the surfactant molecular interactions and also the composition in the 
adsorbed mixed monolayer at the air/water interface. 
Importance of research problem 
"Gemini surfactants" have structures and properties, which are different 
from those of monomeric surfactants and are said to be "unique to the world of 
surfactants". These surfactants show high surface activity, unusual viscosity 
changes with an increase in [surfactant], a low critical micelle concentration 
(CMC), and unusual micellar structures. Cationic gemini surfactants have wide 
applications because of their excellent surface activity. They are used as hair 
conditioners and fabric softeners. They are also used in foaming, agrochemical 
spreading aids, and cleaning processes. 
Many studies have been focused on the properties and micellization 
behaviour of gemini surfactants, such as critical micelle concentration (CMC), 
surface tension, and the various aggregation behaviour [29]. Usually, the additives 
can improve the desired properties of surfactant solutions. The most widely used 
additives are alcohols and amines. 
27 
Alcohols are known to play important roles as co-surfactants in a number of 
industrial and research applications including the addition of alcohol to surfactant 
and oil systems in order to form microemulsions [117-124]. Microemulsions are 
added to oil reservoirs to enhance recovery by mobilizing some of the residual oil 
that remains after extraction. Amines are also used a co-surfactants for 
microemulsion formulations with surfactant + oil systems [125, 126]. Further, 
microemulsions are considered to be good drug carriers and the presence of 
amines in such combinations may show their specific effects [127] as blood and 
saliva are known to contain various amines and polyamines [128]. 
The purpose of my present study is to find out the effect of various amines/ 
alcohols additives on the gemini surfactants, which can further be used for drug 
encapsulation and delivery. Thus, the experimental results of my present study 
may be useful in understanding and predicting the surfactants selection for 
controlled drug release targeted delivery. 
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Layout of the thesis 
This thesis consists of the following four chapters: 
Chapter-I: General Introduction. 
Chapter-II: Experimental. 
Chapter-Ill: Surface and Solution Properties of Cationic Gemini Alkanediyl-a, co-
bis(dimethycetylammonium bromide) Surfactants (16-J-16, s = 4, 5, 6) with 
Alcohols: Tensiometric and Fluorometric Studies. 
(A): Interactions between Cationic Gemini Alkanediyi-a, (o-
bis(dimethylcetylammonium bromide) Surfactants (16-5-16, s = 4, 5, 6) and 
Primary Linear Alcohols. 
(B): Interactions between Cationic Gemini Alkanediyl-a, co-
bis(dimethylcetylammonium bromide) Surfactants (16-5-16, s = 4, 5, 6) and 
Alcohols (1,2-Butandiol, 2-Methyl-l-butanol, 2-Ethyl-l-butanol, 2-Butene-l,4-
diol). 
Chapter-IV: Mixed Micellization between Cationic Gemini Alkanediyl-a, co~ 
bis(dimethylcetylammonium bromide) Surfactants (16-5-16, s = 4, 5, 6) and 
Amines: A Tensiometric Study. 
(A): Interactions between Cationic Gemini Alkanediyl-a, co-
bis(dimethylcetyIammonium bromide) Surfactants (16-5-16, s ^ 4, 3, 6) and 
Primary Linear Alkyl Amines. 
(B): Interactions between Cationic Gemini Alkanediyl-a, co-
bis(dimethylcetylammonium bromide) Surfactants (16-5-16, s = 4, 5, 6) and 
Ethyleneamines (Ethylenediamine, Diethylenetriamine, Triethylenetetramine, 
Tetraethylenepentamine). 
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Materials 
The materials that are used throughout the whole study are mentioned in the 
Table 2.1, including their abbreviated names, chemical formulas/structures, 
sources, and purities. 
All additives (amines, alcohols, surfactants) were used as received. 
Synthesis ofgemini surfactants 
Gemini surfactants were synthesized in the laboratory by adopting the literature 
procedure [1]. 
Dry EtOH 
C,6H33NMe2 + Br (CH2)^ Br ^ " "^^o^^ , ^ C,6HsjMezN (CHj)^  NMe2C,6H33 
Reilux > 80 C, 48 h o r>_" 
{s ^4.5.6) 
The corresponding a, ft^-dibromoalkane was refluxed with N, N-
dimethylcetylamine (molar ratio 2.1:1) in dry ethanol with continuous stirring at 
80 °C for 48 h to ensure as much as possible a complete biquatemization. The 
reactions were completed in single batch. The progress of the reaction was 
monitored by using TLC (thin layer chromatography) technique. After the 
completion, the solvent was removed under vacuum. Ethanol/ethylacetate mixture 
was used for recrystallization (at least five times). 
After recrystallizations, all the three surfactants were characterized by ' H 
NMR and FT-IR. 'H NMR spectra of the synthesized geminis were recorded on 
300 MHz Bruker Cryomagnet spectrometer in CDCI3 with ' H chemical shifts 
40 
relative to internal TMS. The IR spectra were recorded using a FT-IR 
Spectrometer Interspec 2020 (Spetrolab, U. K.) with KBr used as a medium. All 
the values obtained were satisfying, on comparison with the literature value [1,2]. 
Spectral data for the geminis are collected in Table 2.2. 
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Instrumentation 
Surface tension measurements: 
The surface tension (y) measurements were performed by the ring 
detachment method using an S. D. Hardson tensiometer (Kolkata, India). All the 
experiment were performed at 30 °C. Doubly distilled and deionized water 
(sp. cond. = (1 to 2) xlO"^  S cm"') was used throughout. Stock solutions of 
surfactants were prepared by dissolving the surfactant in aqueous + additive 
solutions. To avoid adsorption kinetics effects, the measurements were performed 
15-20 minutes after the addition of surfactants. The accuracy of y measurements 
was within ±0.1 mN m' . The CMC values were obtained by plotting surface 
tension {y) versus logC, (C, is total surfactant concentration) plots. The surface 
tension values decrease continuously and then become constant along a wide 
concentration range. The point of break, when the constancy of surface tension 
begins, was taken as the CMC of the system. 
Fluorescence measurements: 
Fluorescence probe techniques have been used in a variety of ways to study 
structural and dynamical aspects of surfactant aggregates in solution. Information 
regarding the structure of the micelle can be obtained from studies of various 
photo-physical properties such as the lifetime of the excited probe, excitation and 
emission spectra, vibronic intensity ratios, anisotropics and quantum yields [3-6]. 
Quenching studies provides information regarding micellar size as well as the 
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dynamic properties of both the micelle and of species solubilized therein [6, 7-13]. 
Mean aggregation number provides direct information about the general size and 
shape of the aggregates formed by amphiphiles in solution, and how these 
properties are related to the molecular structure of the amphiphiles [14]. 
The micelle aggregation numbers of pure and mixed systems were 
determined by steady state fluorescence quenching technique using Hitachi 
F-2500 fluorescence spectrophotometer with excitation and emission slit width of 
2.5 nm. Pyrene and cetylpyridinium chloride were used as probe and quencher, 
respectively. Excitation wavelength was kept at 337 nm and emission wavelength 
was recorded in the range 350-450 nm. The obtained spectra have one to five 
vibronic peaks. An aliquot of the stock solution of pyrene in ethanol was 
transferred into a standard volumetric flask and the solvent was evaporated. The 
surfactant solution was added and the pyrene concentration was kept constant at 
2xl0"^moldm-l 
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Chapter-Ill 
Surface and Solution Properties of 
Cationic Gemini Alkanediyl-a^ (o-
bis(dimethylcetylammonium bromide) 
Surfactants (16'S'16, s = 4,5,6) with 
Alcohols: Tensiometric and 
Fluorometric Studies 
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Introduction 
It is well known that amphiphilic molecules, which consist of a 
hydrophobic tail and a hydrophilic head, can form a wide variety of aggregates 
including spherical micelles, worm-like micelles, bilayers, reverse micelles and 
vesicles with properties different from those of the unassembled molecules. This 
polymorphism forms the basis of many biochemical processes and is of advantage 
in industrial and household applications. Recently, the study of gemini (or 
dimeric) surfactants is being investigated very actively [1-5]. 
The performance of surfactants in most interfacial processes depends 
mainly on its concentration and orientation at the interface. The modification of 
the lyophobic and lyophilic groups, in the structure of the surfactant, may become 
necessary to maintain surface activity at the suitable level. The adsorption of the 
surfactant at the air-liquid interfaces has been largely recognized to be of great 
importance from the practical and theoretical points of view. 
For improving the surface or interfacial properties of a surfactant, one of 
the best ways is to add to it another surfactant with which it can interact to produce 
synergy between them. Synergy [6] is defined as the condition in which the 
properties of the mixture are better than those attainable with the individual 
components by themselves. Synergy can be predicted from molecular interaction 
between the two surfactants and relevant properties of the individual surfactants 
by themselves [6]. Recently, the molecular interactions in mixed systems 
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involving conventional surfactants [6, 7-13] and gemini surfactants [14] have been 
of academic and industrial interest. 
Alcohols are one of the most commonly used additives in micellar solutions 
to form various solubilized systems or microemulsions for a wide range of 
industrial and technological applications. Many studies [15-19] concerning the 
effects of alcohols on the equilibrium and thermodynamic properties of micellar 
solutions such as CMC, aggregation number, counterion binding, etc. have been 
reported. The properties of aqueous solutions of aliphatic monohydric alcohols are 
of interest in the field of surface chemistry; especially their effect on the 
phenomenon of micellization of surfactants. Since water-alcohol-surfactant 
systems are so frequently used as media in the studies of chemical equilibria and 
reaction rates [20], it is very essential to investigate the nature of the alkyl groups 
in the alcohol on the CMC of surfactants. 
In the present work, we investigate molecular interaction in the 
micellization of the cationic gemini surfactants alkanediyl-a, co-
bis(dimethylcetylammonium bromide) (referred to as 16-5-16, s = 4. 5, 6) and 
alcohols (in part A, we have taken primary linear alcohols from butanol (C4OH) to 
octanol (CgOH) and in part B some different alcohols, e. g., 1,2-butandiol, 2-
methyl-1-butanol, 2-ethyl-l-butanol and 2-butene-l,4-diol). The mixtures are 
characterized by their critical micelle concentrations {CMC) at 303 K by surface 
tension measurement experiments. The surface excess (r^ox), the minimum area 
per molecule {A„i„), C20 (the surfactant concentration required to reduce the 
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surface tension of the solvent by 20 mN/m), the surface pressure at CMC {JICMC), 
and the ratio of the CMC/C20 of the gemini surfactant in aqueous solutions are 
evaluated using the surface tension versus logCt plots for the 16-5-16 with and 
without additives (alcohols). The minimum free energy at the air/water interface, 
(Tmin, of the gemini surfactants with and without alcohols is also evaluated. Also, 
fluorescence measurements were performed on the mixed systems to obtain their 
aggregation numbers {Ngg^ and other related parameters. 
(A) 
Interactions between Cationic 
Gemini Alkanediyl-a, co-bis 
(dimethylcetylammonium bromide) 
Surfactants (16-S'16y s = 4y5y6) and 
Primary Linear Alcohols 
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Results and discussion 
The surface tension (y) versus log [surfactant] plots for the cationic gemini 
surfactants (16-5-16, s = 4, 5, 6) with and without additives (alcohols) are shown 
in Figures 3.1 to 3.3. Tables 3.1 to 3.3 show the CMC values, obtained by surface 
tension plots (Figures 3.1 to 3.3), of the gemini surfactant in absence as well as 
presence of additives (C4OH-C8OH). The CMC values decrease with increasing 
alcohol concentrations as well as with alkyl chain length of the additive (Tables 
3.1 to 3.3). The CMC values of the geminis (Tables 3.1 to 3.3) in water are in good 
agreement with the literature values [21, 22]. 
The concentration corresponding to break in the curve represents the CMC 
in all the systems. The effect of alkyl chain length of the alcohols on the CMC's of 
16-5-16 is illustrated in Figure 3.4 (A-C), wherein we find the order to be: CgOH > 
C7OH > CftOH > C5OH > C4OH. 
C20 (the surfactant concentration required to reduce the surface tension of 
solvent by 20 mN/m), the CMC/C20 ratio, and UCMC (the surface pressure at the 
CMC), values obtained at different mole fractions of the added alcohols in 16-5-16 
solutions. All these values are mentioned in Tables 3.1 to 3.3. The C20 values 
decrease with additive concentration and follow similar trend for all alcohols. The 
magnitude of the negative log of the C20 value is 2 or 3 orders smaller than those 
of comparable conventional cationic surfactants. This is in good agreement with 
previous work [23] showing that the presence of two hydrophobic groups in the 
gemini molecule results in greater surface activity. The CMC/C20 ratio is a 
- S ^ ' 
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measure of tendency of the surfactant to adsorb at the air/water interface, relative 
to its tendency to form micelles. The CMC/C20 ratio also measures how far the 
surface tension of water can be reduced by the presence of the surfactant. 
Values of the /7c^c were obtained by using the equation 
ncMc=yo-ycMc (3.1) 
where yo, and JCMC are the surface tension of the solvent and the mixture at the 
CMC, respectively. The increasing values of TICMC with the increasing alcohol 
concentrations indicate that the efficiency increases. 
The maximum surface excess {r„,^) of the gemini surfactant molecules at 
the air/solution interface was calculated by using the Gibbs equation [6] 
where R and T are the gas constant and temperature, respectively and C, is the total 
surfactant concentration. The prefactor n is the number of species at the 
air/aqueous interface. For calculating F^^x of gemini surfactants, there is an 
ongoing dispute about the value of n. In case of the complete dissociation of 
m-5-m type gemini surfactants, one divalent surfactant ion and two monovalent 
counter ions are obtained; thus the correct prefactor would be 3 (i.e., n = 3). 
However, comparison of surface tension studies and small-angle neutron 
scattering (SANS) studies of cationic gemini surfactants indicated that appropriate 
n value was close to 2 (except for compound with xylyl spacer, for which n was 
about 3 [24]). Therefore, for calculating r„ax. we used a value of 2 for n. The 
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slope of the tangent at the given concentration of the y versus log C, plot was used 
to calculate r„ax- The value of r„ax increases with an increase in the additive 
concentrations (Tables 3.1 to 3.3). This indicates that the gemini surfactant 
solutions in presence of alcohols have greater preference to be adsorbed at 
air/water interface, compared to a pure gemini surfactant solution. The presence of 
alcohols decreases the repulsion among head groups and more gemini surfactant 
molecules can be adsorbed at the interface. 
The minimum surface area per molecule iA„i„), which was evaluated by 
using the relation 
A„i„=\0''/N,r„a.r (3.3) 
(NA is the Avogadro's number), decreases with increasing the additive 
concentration. The area decrease with increasing additive concentration 
(see Tables 3.1 to 3.3), takes place due to progressive charge shielding and closer 
packing of the gemini surfactant ions in the surface. This result suggests that the 
orientation of the gemini surfactant molecules at the interface is almost 
perpendicular to the interface [25]. In the presence of alcohols, the repulsion 
among head groups decreases and more gemini surfactant molecules can be 
accommodated at the interface together with alcohol molecules. Hence, the value 
of-TOTOX increases with an increase in the additive (alcohol) concentration. 
With increasing the spacer length, both in absence and presence of alcohols, 
the/Ijttj decrease order is: 16-^-16 > 16-5-16 > 16-<5-16, whereas the^„,„ followed 
a reverse order {Ami„ = 100 A" for pure \6-4-\6, 161.2 A^ for pure 16-5-16 and 
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188.7 A^ for pure 16-<J-16). This may be due to intramolecular headgroup 
distances. In this case, the spacer chain could be in contact with water but in 
mixed monolayers it is evident that the spacer is folded so the area per gemini 
surfactant molecule is reduced. Moreover, the shorter alcohols seem to be more 
effective to reduce the value of Amin, which may be caused by the fact that short 
surfactant tails at the air/water interface trend to be perpendicular to the surface, 
whereas the longer ones are partially folded with a tilt of about 45°, as 
demonstrated by neutron reflection experiments [26]. This situation makes that the 
shorter alcohols may be better accommodated below the folded hexadecyl chains 
of the geminis than the longer ones, this producing a more compact monolayer. 
The longer alcohol chains may then have some steric hindrances to accommodate 
among the geminis' chains. Notice that this phenomenon favours the inclusion of 
the shorter alcohol in the monolayer, whilst the longer one is favoured by its 
higher hydrophobicity. Since both phenomena have opposite effects, this may 
explain the rather complex dependence of A,„i„ with the length of the alcohol 
chain. 
Sugihara et al. [27, 28] have proposed a thermodynamic quantity for the 
evaluation of synergism in mixing, which is the free energy of the given air/water 
interface, G ;^„,„, defined as 
(Jmin = Amin fcMC NA (3.4) 
The G^min values, listed in Tables 3.1 to 3.3, are found to decrease with 
increasing the additive (alcohol) mole fraction. (j„i„ is regarded as the work 
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needed to make an interface per mole or the free energy change accompanied by 
the transition from the bulk phase to the surface phase of the solution components. 
In other words, the lower the value of (jmm, the more thermodynamically stable 
surface is formed. 
By calculating the values of P (interaction parameters), the nature and 
strength of the interaction between two components can be determined. From 
Rubingh's theory [29] for mixed micelles the mole fraction of component 1, Xx'" 
in the mixed micelles is related to a\ (the mole fraction of the indicated 
component) as 
[{Xlf ln(C,;-a,/C."'^r)3 ^ J 
[(1 - X: f ln{(C,/' (1 - a, )/C;' (1 - X:)}] (3.5) 
^ ln(C|/a,/C,'"Z,'") 
(l-X,"")' 
where Xi'" is the mole fraction of component 1 in the micelles, C,"", C/'and C,," 
are the CMC's for component 1, component 2, and their mixtures, respectively, 
and 0^ is the interaction parameter for mixed micelle formation in the aqueous 
medium. 
The activity coefficients/r and/2'" are related to/T as 
/ r ^ e x p t r O - ^ i ' " ) ' } (3.7) 
/2'" = e x p { r ( X r ) ' ) (3.8) 
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Using Rosen's equation [30] the composition of the adsorbed mixed 
monolayer of binary component systems in equiUbrium with the singly dispersed 
component can be evaluated by the equations 
[{X:f\n{C,,'a,/C,'x:)] _^ ' 3^ ^^  
[(1 -X:f \n{C,,' (1 - a, yC,' (1 - Xr)}] 
n. _ ln(Ci,'a,/C|'xn p jQ^ 
{\-x;f 
whereC,\ Cj'^ 'and C,2^are the solution phase molar concentrations of components 
1, 2 and their mixture, respectively, at «i, required to produce a given surface 
tension value. 
The activity coefficients/i" and^*" of the surfactants in mixed monolayer 
are related to ^  as 
,/]"-exp{/r(l-A'r)2} (3.11) 
f{ = txv {pr {X.'^f} (3.12) 
P indicates the degree of interaction between the two components and also 
accounts for the deviation from ideality. For ideal mixing of two components, P 
assumes a value of zero. A positive P value means repulsive interaction among 
mixed species whereas a negative p value implies an attractive interaction; the 
more negative its value, the greater the interaction. At all mole fractions of the 
mixed systems, the y5"' values are negative (Tables 3.4 to 3.6), suggesting that the 
interaction is more attractive in between the two components in the mixed micelles 
than the self-interaction of the two components before mixing. Also, as the mole 
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fraction of alcohols increases, ^  values become more negative. This indicates an 
increase in the attractive interaction with the increase in [alcohol] due to 
intercalation of alcohols in the micelles of gemini surfactants which increases the 
hydrophobic interactions. 
The If trend is similar (Tables 3.4 to 3.6), i.e., the mixtures of 
geminis/alcohols show stronger attractive interaction at the solution/air interface. 
The ^ values are more negative than ^ which imply that the interactions at the 
solution/air interface are stronger than in mixed micelles. This is due to the steric 
factor which is more important in micelle formation than in monolayer formation 
at a planar interface. Increased bulkiness in the hydrophobic group causes greater 
difficulty for incorporation into the curved mixed micelle compared to that of 
accommodating at the planar interface. The average values of interaction 
parameters indicate that the attractive interaction of gemini/alcohol are more in 
case of longer spacer chain length than that of the smaller spacer chain length of 
the gemini (Tables 3.4 to 3.6). 
The values of excess free energy of micellization, JG^^, calculated by the 
equation (3.13), 
zlG„ =/Z,ln/, +(\-XJ\xifJRT (3.13) 
are listed in Tables 3.4 to 3.6, which are negative for all mole fractions of the 
alcohol and the magnitude increases {^G^^ becomes more negative) with the 
increasing alcohol mole fraction, indicating stability of the micelles. 
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The steady state fluorescence method is a convenient method for evaluating 
micelle aggregation number (Nagg). We have determined Nagg at different mole 
fractions of the binary surfactant-alcohol systems. 
The ratio of intensities in absence (/Q) and presence (/) of quencher was 
used to calculate Nagg using the equation [31, 32] 
M,=\nl- ^"''^^^ (3.14) 
" [S]-CMC 
where [Q] is the quencher concentration and [5] is total surfactant concentration. 
Equation (3.14) predicts a linear plot between ln(/o//) and [Q] with a slope equal to 
Nagg/ [S] - CMC, which gives the values of Nggg. Values of Nagg determined from 
plots of Figures 3.5 to 3.7, are reported in Tables 3.7 to 3.9. 
The aggregation number of gemini component (Ngem) was calculated using 
the relation 
Ngem = {[gemini] - az CMC} Nagg/ [S] - CMC (3.15) 
where aa is the mole fraction of gemini surfactant. All the Ngg^ values are given in 
Tables 3.7 to 3.9. 
The intensity values were also used to calculate the Stem-Volmer binding 
constant, Ksv [33] 
^ = 1 + K,,[Q] (3.16) 
Ksv is the ratio of the bimolecular quenching constant to the unimolecular decay 
constant. Higher Ksv values indicate that the lifetime of pyrene in micellar 
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solutions is higher and quenching is efficient. This is the case in our systems (see 
Tables 3.7 to 3.9). 
The Nogg values for mixtures are always greater than of pure gemini 
surfactants. This again supports our earlier explanation that addition of alcohols 
decreases the repulsion among headgroups and hence compact micelles with 
higher aggregation numbers are formed. 
The ratio of intensity of the first {I\) and third {h) vibronic peaks, i. e., /1//3, 
of the pyrene fluorescence emission spectrum in the presence of surfactants is 
considered to be the index of micropolarity of the system; i. e., it gives an idea of 
the microenvironment in the micelle. A low value of this ratio (<1) is generally 
taken as pyrene having nonpolar surrounding, whereas a higher value (>1) is taken 
as the pyrene having polar surrounding [34]. In our case, for all mole fractions, the 
ratio comes out to be greater than 1 (Tables 3.7 to 3.9). Also, /1//3 values can be 
used to determine the apparent dielectric constant (D) of the medium 
^ = 1.00461+0.01253 D (3.17) 
For all the three surfactants, D decreases in comparison with that of the 
pure gemini surfactant micelles until Xx ~ 0.38 and then suddenly rises atZi » 0.4 
indicating a change in the micelle structure in this composition range, which is the 
preferential one. This is probably associated to a change in the micelle/water 
interface. Hydrogen-bonded systems have high dielectric constant [35]. An 
example of the increase in the effective dielectric constant at the micelle/water 
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interface by the formation of a hydrogen-bonded structure was found in the mixed 
system dodecyltrimethylammonium hydroxide n-dodecanephosphonic acid [36]. 
Thus, the inclusion of alcohol in the micelle palisade first reduces D by separation 
of the cationic groups which augments their influence on more water molecules 
included in the interface. When Xx ~ 0.4, probably the -OH groups of alcohols are 
close each other to form a hydrogen-bonded network giving an increase in D. This 
may be an additional cause of the appearance of a preferential composition of 
mixed micelles. 
Synergism 
In mixtures containing two amphiphiles, synergism depends both on the 
strength of interaction between them, as gauged by the values of the P parameter, 
and on the relevant properties of the individual amphiphile components of a 
mixture [37]. The conditions for synergism in surface tension reduction efficiency 
are the following 
(a) ^  must be negative 
(b )^ |> l ln (C ,Vc/ ) i 
All mixtures of the cationic gemini surfactants with alcohols exhibit 
synergism (see Tables 3.10 to 3.12) in surface tension reduction efficiency. 
Synergism in the mixed micelle formation exists when the CMC of the 
mixture is less than that of either amphiphiles of the mixture. The conditions for 
this to exist in a mixture of two surfactants are the following [37] 
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(a) ^  must be negative 
(b)n>|ln(C, '" /C, '") | 
(c) I ^-n > [lln(C.Vc/)| - llnCC^/C,") |] 
Tables 3.10 to 3.12 also focuses that all the mixtures of cationic surfactants exhibit 
synergism in mixed micelle formation with the alcohols. 
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Table 3.1: Effect of additive (alcohols) concentrations on the CMC, C20, CMC/C20, 
ncMC, r„ax, ^mim and G'min valucs of cationic gemini butanediyl-1, 4 -
bis(diniethylcetylammonium bromide) surfactant in aqueous solutions at 303 K. 
«," 10^ CMC 
(mol dm'^) 
10' C20 
(mol dm" )^ 
CMC/C20 UcMC 
(mN m-^ ) 
10T;„^ 
(mol m"^ ) 
" milt 
(kJ mor^) 
0 2.72 0.83 
System: C40H/16-'/-16 
3.27 30.0 1.66 100.0 25.30 
0.2 1.44 0.46 3.15 33.0 1.87 88.8 20.86 
0.4 1.26 0.40 3.17 35.0 2.15 77.2 17.20 
0.6 0.80 0.24 3.31 38.0 2.32 71.6 14.66 
0.8 0.50 0.14 3.60 41.0 2.42 68.6 12.81 
0.2 0.87 0.33 
System: 
2.63 
C50H/16-^-16 
31.0 2.38 69.8 17.24 
0.4 0.60 0.29 2.07 36.0 2.73 60.8 13.18 
0.6 0.50 0.21 2.38 39.0 2.83 58.7 11.67 
0.8 0.32 0.16 2.00 42.0 3.04 54.6 9.87 
0.2 0.55 0.20 
System: 
2.76 
C60Hyi6-^-16 
32.0 2.08 79.8 19.23 
0.4 0.50 0.17 2.86 34.0 2.25 73.8 16.89 
0.6 0.40 0.13 3.02 35.0 2.30 72.2 16.09 
0.8 0.31 0.12 2.58 37.0 3.04 54.6 11.51 
0.2 0.44 0.21 
System: 
2.09 
C70H/16-^-16 
32.0 2.69 61.7 14.86 
0.4 0.42 0.20 2.09 34.0 2.97 55.9 12.79 
0.6 0.25 0.16 1.59 36.0 3.23 51.4 11.14 
0.8 0.23 0.13 1.73 39.0 3.37 42.3 8.41 
0.2 0.40 0.11 
System: 
3.22 
C80H/16-^-16 
35.0 1.96 84.7 18.88 
0.4 0.35 0.09 3.63 37.0 2.39 69.5 14.65 
0.6 0.288 0.07 3.60 40.0 2.49 66.7 12.86 
0.8 0.25 0.07 3.31 42.0 2.82 58.9 10.64 
'oTi = mole fraction of the alcohol 
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Table 3.2: Effect of additive (alcohols) concentrations on the CMC, C20, CMC/C20, 
ncMO r„iax, A^in, and C'min values of cationic gemini pentanediyl-1, 5-
bis(dimethylcetylammonium bromide) surfactant in aqueous solutions at 303 K. 
a i ' 10* CMC 
(mol dm''') 
10^ C20 
(mol dm''') 
CMC/C20 IIcMC 
(mN m'') (mol m'^ ) 
" min 
(kJ mol"') 
0 3.80 0.87 
System: 
4.36 
C4OH/I6-5-I6 
26.5 1.03 161.2 44.18 
0.2 2.40 0.85 2.75 27.8 2.01 82.6 21.99 
0.4 1.38 0.63 2.19 29.7 2.30 72.2 18.39 
0.6 0.99 0.33 2.99 32.7 2.46 67.4 15.95 
0.8 0.55 0.18 3.02 35.8 2.63 63.1 13.76 
0.2 1.05 0.42 
System: 
2.52 
C5OH/I6-5-I6 
28.5 2.01 82.6 21.64 
0.4 0.44 0.17 2.63 31.0 2.15 77.2 19.07 
0.6 0.40 0.09 4.19 36.6 2.33 71.3 15.19 
0.8 0.33 0.08 4.18 42.1 2.53 65.6 11.82 
0.2 0.79 0.26 
System: 
3.02 
C60H/16-5-16 
28.8 1.73 95.9 24.97 
0.4 0.55 0.18 3.00 31.8 1.88 88.3 21.38 
0.6 0.42 0.15 2.76 33.7 2.21 75.1 17.33 
0.8 0.30 0.11 2.77 36.8 2.37 70.1 14.85 
0.2 0.52 0.24 
System: 
2.20 
C7OH/I6-5-I6 
28.5 2.03 81.8 21.43 
0.4 0.40 0.20 1.99 30.8 2.37 70.1 17.38 
0.6 0.36 0.14 2.60 33.2 2.51 66.2 15.46 
0.8 0.25 0.13 1.90 35.0 2.82 58.9 13.12 
0.2 0.40 0.16 
System: C80H/16-5-16 
2.52 29.6 2.26 73.5 18.76 
0.4 0.30 0.11 2.88 32.8 2.37 70.1 16.54 
0.6 0.28 0.10 2.82 35.6 2.45 67.8 14.86 
0.8 0.22 0.06 3.84 38.8 2.58 64.4 12.87 
^ax = mole fraction of the alcohol 
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Table 3.3; Effect of additive (alcohols) concentrations on the CMC, C20, CMC/C20, 
ncMCr ^max, ^min, and G',„i„ valucs of cationic gemini hexanediyl-1, 6-
bis(dimethylcetylammonium bromide) surfactant in aqueous solutions at 303 K. 
al" 10^ CMC 
(mol dm" )^ 
10'C20 
(mol dm" )^ 
CMC/C20 HcMC 
(mN m ' ) (mol m"^ ) 
" min 
(kJ mol') 
0 4.57 1.00 
System: 
4.19 
C40H/16-5-16 
26.5 0.88 188.7 51.71 
0.2 2.75 0.87 3.16 27.4 1.36 122.0 32.79 
0.4 2.14 0.63 3.39 28.8 1.47 112.9 29.39 
0.6 1.32 0.30 4.37 31.0 1.58 105.0 25.95 
0.8 0.76 0.26 2.88 32.4 2.05 80.9 19.32 
0.2 2.57 0.63 
System: 
4.08 
C5OH/I6-6-I6 
29.7 1.47 112.9 28.78 
0.4 0.71 0.19 3.74 34.0 1.54 107.8 24.67 
0.6 0.69 0.10 6.90 35.4 1.66 100.0 22.05 
0.8 0.33 0.07 5.00 37.7 1.91 86.9 17.96 
0.2 0.79 0.21 
System: 
3.80 
CfiOH/l 6-5-16 
30.3 1.51 109.9 27.61 
0.4 0.56 0.10 5.89 32.2 1.65 100.6 24.12 
0.6 0.55 0.17 3.23 33.7 2.28 72.8 16.79 
0.8 0.40 0.12 3.33 36.7 2.49 66.7 14.18 
0.2 0.99 0.29 
System: 
3.44 
C7OH/I6-6-I6 
30.7 1.51 109.9 27.35 
0.4 0.52 0.17 3.13 31.8 2.01 82.6 19.99 
0.6 0.45 0.13 3.41 34.7 2.15 77.2 17.35 
0.8 0.32 0.09 3.52 .38.3 2.41 68.9 13.98 
0.2 0.55 0.16 
System: C80H/16-6-16 
3.48 27.6 1.91 86.9 23.24 
0.4 0.34 0.09 3.74 32.0 2.03 81.8 19.70 
0.6 0.31 0.11 2.84 34.0 2.31 71.9 16.45 
0.8 0.25 0.08 3.16 35.8 2.45 67.8 14.78 
QTi = mole fraction of the alcohol. 
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Table 3.4: Micellar compositions {X^", Xx"), interaction parameters {^, ^), and 
activity coefficients {f{\ f-T, f\, fi) of binary mixtures of cationic gemini 
butanediyl-1, 4-bis(dimethylcetylammonium bromide) surfactant and alcohols at 
different mole fractions of the alcohols. 
a\ AT pm 71 h 
kJ mol' 
X{ If f^ fi 
0.2 0.244 -9.78 0.0037 
System: 
0.559 
C40H/16-^-16 
^ .55 0.219 -12.07 0.0006 0.560 
0.4 0.297 -10.58 0.0054 0.393 -5.56 0.213 -10.06 0.0020 0.633 
0.6 0.359 -13.32 0.0042 0.180 -7.72 0.304 -13.85 0.0012 0.278 
0.8 0.410 -16.62 0.0031 0.016 -12.11 0.354 -16.03 0.0012 0.134 
0.2 0.301 -11.12 0.0044 
System: 
0.365 
C50H/16-^-16 
-5.89 0.235 -10.98 0.0016 0.545 
0.4 0.355 -12.69 0.0051 0.202 -7.32 0.280 -11.53 0.0025 0.405 
0.6 0.391 -13.90 0.0058 0.119 -8.33 0.339 -14.08 0.0021 0.198 
0.8 0.435 -16.99 0.0044 0.040 -10.53 0.378 -15.27 0.0027 0.113 
0.2 0.334 -12.77 0.0035 
System: 
0.241 
C60H/16-'/-16 
-7.15 0.266 -12.58 0.0011 0.410 
0.4 0.368 -12.94 0.0057 0.173 -7.58 0.302 -12.84 0.0019 0.310 
0.6 0.404 -14.30 0.0062 0.097 -8.68 0.350 -14.97 0.0018 0.160 
0.8 0.442 -16.49 0.0059 0.040 -10.23 0.387 -16.27 0.0022 0.087 
0.2 0.352 -13.08 0.0041 
System: 
0.198 
C70H/16-^-16 
-7.52 0.256 -11.35 0.0019 0.475 
0.4 0.384 -13.00 0.0072 0.147 -7.75 0.296 -11.61 0.0032 0.361 
0.6 0.423 -15.41 0.0059 0.063 -9.49 0.351 -13.92 0.0028 0.180 
0.8 0.455 -16.86 0.0067 0.030 -10.55 0.399 -16.43 0.0026 0.073 
0.2 0.364 -12.87 
i 
0.0055 
System: 
0.182 
C80H/16-'/-16 
-7.50 0.317 -14.51 0.0012 0.232 
0.4 0.398 -13.07 0.0088 0.126 -7.89 0.325 -12.48 0.0034 0.267 
0.6 0.430 -14.14 0.0101 0.073 -8.74 0.371 -14.56 0.0032 0.135 
0.8 0.464 -15.74 0.0109 0.034 -9.85 0.417 -17.87 0.0023 0.045 
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Table 3.5: Micellar compositions {X^'", Xx"), interaction parameters {0", (f), and 
activity coefficients (/]'", /•T, f\, ff) of binary mixtures of cationic gemini 
pentanediyl-1, 5-bis(dimethylcetylammonium bromide) surfactant and alcohols at 
different mole fractions of the alcohols. 
~^^ XT T yr IT ^G^X X? 7 7r T' 
(kJ mol')  
System:C40H/16-5-16 
0.0070 0.653 -3.67 0.186 -9.31 0.0020 0.725 
0.0050 0.319 -6.14 0.276 -11.99 0.0020 0.401 
0.0050 0.164 -7.78 0.336 -14.77 0.0010 0.189 
0.0030 0.049 -10.45 0.390 -18.55 0.0010 0.059 
System:C50H/16-5-16 
0.0050 0.320 -6.19 0.297 -13.29 0.0010 0.340 
0.0030 0.110 -8.91 0.364 -17.36 0.0010 0.100 
0.0040 0.069 -9.59 0.396 -19.38 0.0010 0.048 
0.0040 0.031 -10.91 0.425 -21.14 0.0010 0.022 
System:C60H/16-5-16 
0.0050 0.250 -6.84 0.328 -15.84 0.0001 0.182 
0.0060 0.140 -7.98 0.366 -17.31 0.0010 0.098 
0.0060 0.075 -9.12 0.392 -18.22 0.0020 0.061 
0.0060 0.028 -10.85 0-419 -18.96 0.0020 0.036 
System:C70H/16-5-16 
0.0050 0.171 -7.74 0.331 -14.61 0.0010 0.202 
0.0070 0.103 -8.51 0.351 -13.57 0.0030 0.188 
0.0080 0.065 -9.11 0.395 -16.29 0.0030 0.079 
0.0070 0.024 -10.81 0.425 -16.96 0.0040 0.047 
System:C80H/16-5-16 
0.0050 0.134 -8.18 0.355 -16.33 0.0010 0.128 
0.0070 0.080 -8.88 0.391 - 17.95 0.0010 0.064 
0.0090 0.053 -9.31 0.409 -17.50 0.0020 0.053 
0.0090 0.022 -10.64 0.442 -19.91 0.0020 0.020 
0.2 0.226 -8.35 
0.4 0.319 -11.23 
0.6 0.369 -13.26 
0.8 0.421 -17.04 
0.2 0.317 -11.35 
0.4 0.384 -14.95 
0.6 0.412 -15.70 
0.8 0.445 -17.54 
0.2 0.338 -12.13 
0.4 0.383 -13.42 
0.6 0.417 -14.88 
0.8 0.453 -17.34 
0.2 0.365 -13.25 
0.4 0.402 -14.05 
0.6 0.430 -14.74 
0.8 0.465 -17.25 
0.2 0.382 -13.75 
0.4 0.417 -14.48 
0.6 0.443 -14.99 
0.8 0.475 -16.97 
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Table 3.6; Micellar compositions {Xx"", X\\ interaction parameters (0^, 0"), and 
activity coefficients (/!'", /{", f\, fi) of binary mixtures of cationic gemini 
hexanediyl-1, 6-bis(dimethylcetylammonium bromide) surfactant and alcohols 
at different mole fractions of the alcohols. 
a, Arr pr / r /z" AG,, X / If / / f{ 
(kJ mol')  
System: C40H/16-<J-16 
0.0070 0.626 -3.82 0.277 -13.40 0.0010 0.358 
0.0090 0.403 -5.22 0.335 -15.95 0.0010 0.167 
0.0070 0.181 -7.36 0.365 -16.98 0.0010 0.104 
0.0050 0.056 -9.93 0.399 -18.48 0.0010 0.053 
System: C5OH/I6-6-I6 
0.0150 0.602 -3.67 0.309 -13.26 0.0020 0.282 
0.0060 0.148 -7.91 0.388 -19.71 0.0010 0.051 
0.0080 0.101 -8.41 0.417 -22.51 0.0010 0.020 
0.0040 0.026 -11.20 0.437 -22.36 0.0010 0.014 
System: C60H/16-<J-16 
0.0050 0.212 -7.26 0.348 -16.90 0.0010 0.129 
0.0060 0.119 -8.31 0.395 -20.72 0.0010 0.039 
0.0080 0.083 -8.70 0.393 -16.59 0.0020 0.077 
0.0070 0.032 -10.30 0.430 -19.28 0.0020 0.028 
System: C7OH/I6-6-I6 
0.0090 0.265 -6.27 0.343 -14.63 0.0020 0.179 
0.0090 0.114 -8.09 0.377 -15.33 0.0030 0.113 
0.0100 0.068 -8.83 0.410 -17.16 0.0030 0.056 
0.0090 0.026 -10.43 0.445 -20.30 0.0020 0.018 
System: C80H/16-^16 
0.0073 0.155 -7.63 0.360 -15.60 0.0020 0.132 
0.0081 0.077 -8.85 0.402 -18.11 0.0020 0.053 
0.0104 0.048 -9.38 0.424 -18.67 0.0020 0.035 
0.0105 0.021 -10.57 0.450 -19.57 0.0030 0.019 
0.2 0.236 -8.41 
0.4 0.305 -9.78 
0.6 0.369 -12.54 
0.8 0.422 -16.14 
0.2 0.258 -7.62 
0.4 0.378 -13.36 
0.6 0.407 -13.84 
0.8 0.451 -17.98 
0.2 0.35 -12.66 
0.4 0.392 -13.83 
0.6 0.419 -14.20 
0.8 0.456 -16.59 
0.2 0.348 -10.97 
0.4 0.403 -13.35 
0.6 0.434 -14.27 
0.8 0.468 -16.61 
0.2 0.381 -12.86 
0.4 0.422 -14.42 
0.6 0.449 -15.04 
0.8 0.480 -16.86 
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Table 3.7: Average aggregation numbers {Nagg), 
aggregation numbers of gemini (Ngem), aggregation numbers 
of alcohols {Ngicohod, Stem-Volmer constant (Ksv), 
micropolarity (/1//3), and apparent dielectric constant (D) 
for the gemini/alcohol mixed systems evaluated on the 
basis of steady-state fluorescence quenching technique. 
«." ^agg Ngem ^alcohol JT^jVlD 
(mol' dm^) 
/I/TJ D 
0 30 30 
System: 
0 
C40H/16-^-16 
1.8 1.87 69 
0.2 103 82 21 3.2 1.72 57 
0.4 121 73 48 2.9 1.58 46 
0.6 173 69 104 2.4 1.82 65 
0.8 388 77 311 3.7 1.94 74 
0.2 59 47 
System: 
12 
C50H/16-^-16 
9.2 1.50 40 
0.4 88 53 35 16.6 1.85 67 
0.6 87 35 52 5.6 1.72 57 
0.8 140 28 112 10.8 2.96 156 
0.2 48 38 
System: C60W16-4-U 
10 5.3 1.64 50 
0.4 54 34 20 3.5 1.84 66 
0.6 76 31 45 5.9 1.86 68 
0.8 109 22 87 8.5 2.34 107 
0.2 49 39 
System: 
10 
C70H/16-¥-16 
5.6 1.82 65 
0.4 52 31 21 4.4 1.55 43 
0.6 65 26 39 7.1 1.73 58 
0.8 81 16 65 13.4 1.95 75 
0.2 137 88 
System: C80H/16-¥-16 
49 6.2 1.62 50 
0.4 156 75 81 7.3 1.56 44 
0.6 200 64 136 16.2 1.57 45 
0.8 236 37 199 14.3 1.96 76 
'ofi = mole fraction of the alcohol. 
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Table 3.8: Average aggregation numbers (Nagg), 
aggregation numbers of gemini (Ngem), aggregation numbers 
of alcohols (Naicohoi), Stem-Volmer constant (Ksv), 
micropolarity (/1//3), and apparent dielectric constant (D) 
for the gemini/alcohol mixed systems evaluated on the 
basis of steady-state fluorescence quenching technique. 
a / ^agg J^gen 1 
(mol' dm^) 
/1//3 D 
0 39 39 
System: 
0 
C4OH/I6-5-I6 
3.0 1.88 70 
0.2 48 38 10 3.5 1.82 65 
0.4 63 36 27 1.5 1.86 68 
0.6 83 33 50 3.7 1.76 60 
0.8 131 26 105 5.2 1.95 75 
0.2 47 38 
System: 
09 
C5OH/I6-5-I6 
3.9 1.71 56 
0.4 57 34 23 4.2 2.02 80 
0.6 73 29 44 8.8 2.59 126 
0.8 99 19 80 14.6 2.80 143 
0.2 46 37 
System: 
09 
C60H/16-5-16 
3.9 1.75 59 
0.4 53 32 21 4.4 1.61 48 
0.6 63 24 39 5.0 1.72 57 
0.8 78 14 64 8.3 1.94 74 
0.2 42 40 
System: 
02 
C7OH/I6-5-I6 
3.9 1.86 68 
0.4 46 32 14 2.4 1.52 105 
0.6 67 27 40 4.8 1.78 62 
0.8 86 17 69 9.6 2.36 108 
0.2 50 41 
System: 
09 
C80H/16-5-16 
3.7 1.64 50 
0.4 57 34 23 5.4 1.64 51 
0.6 64 26 38 4.7 1.78 62 
0.8 81 16 65 9.0 2.33 106 
'«! = mole fraction of the alcohol. 
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Table 3.9: Average aggregation numbers (Nagg), aggregation 
numbers of gemini (Ngem), aggregation numbers of alcohols 
(Natcohod-: Stem-Volmer constant (Ksv\ micropolarity (/1//3), 
and apparent dielectric constant {D) for the gemini/alcohol 
mixed systems evaluated on the basis of steady-state 
fluorescence quenching technique. 
«," ^agg J-^gem Nalcohol Ksy/10 
(mol' dm^) 
I1/I3 D 
0 41 41 
System: 
0 
C4OH/I6-6-I6 
2.4 2.12 89 
0.2 56 45 11 3.5 1.54 42 
0.4 66 39 27 2.0 1.49 39 
0.6 91 36 55 2.5 1.43 34 
0.8 151 30 121 3.0 1.50 39 
0.2 64 51 
System: 
13 
C50H/16-d-16 
5.7 1.48 38 
0.4 80 48 32 7.1 1.55 43 
0.6 82 33 49 3.1 1.47 37 
0.8 133 27 106 5.4 1.48 38 
0.2 67 54 
System: 
13 
C60H/16-<5-16 
8.0 1.50 40 
0.4 59 36 23 2.4 1.61 49 
0.6 80 32 48 4.5 1.52 41 
0.8 109 22 87 7.9 2.05 83 
0.2 58 47 
System: 
11 
C7OH/I6-6-I6 
7.4 1.53 42 
0.4 70 44 26 8.9 1.70 56 
0.6 69 27 42 4.6 2.30 103 
0.8 86 15 71 10.2 3.12 169 
0.2 58 46 
System: 
12 
C80H/16-6-16 
6.5 1.51 40 
0.4 52 31 21 3.3 1.78 62 
0.6 80 32 48 4.0 2.76 140 
0.8 83 16 67 30.9 2.89 150 
^ai = mole fraction of the alcohol. 
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Table 3.10: Comparison table for synergism of the 
mixed systems of gemini surfactant butanediyl-1, 4 -
bis(dimethylcetylammonium bromide) and alcohols. 
ai" \niCi''/C{') ln(C,"'/C2"') ff-pr 
System: C40H/16-^-16 
0.2 6.88 4.75 -2.30 
0.4 +0.52 
0.6 -0.53 
0.8 
System: C50H/16-^-16 
+0.59 
0.2 5.62 3.88 +0.15 
0.4 +1.17 
0.6 -0.18 
0.8 
System: C60H/16-^-16 
+1.73 
0.2 5.33 3.55 +0.19 
0.4 +0.10 
0.6 +0.67 
0.8 
System: C70H/16-'/-16 
+0.23 
0.2 5.00 3.10 +1.73 
0.4 +1.39 
0.6 +1.49 
0.8 
System: CgOH/ld-^Z-ie 
+0.43 
0.2 4.70 2.68 -1.65 
0.4 +0.59 
0.6 -0.42 
0.8 -2.14 
'ofi = mole fraction of the alcohol. 
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Table 3.11: Comparison table for synergism of the 
mixed systems of gemini surfactant pentanediyl-1, 5-
bis(dimethylcetylammonium bromide) and alcohols. 
«," ln(C, VCi') InCCr/Cz") If-ir 
System: C4OH/I6-5-I6 
0.2 5.94 4.42 -0.96 
0.4 -0.76 
0.6 -1.51 
0.8 
System: C5OH/I6-5-I6 
-1.51 
0.2 4.88 3.55 -1.94 
0.4 -1A\ 
0.6 -1.57 
0.8 
System: C(,OW16-5-U 
-3.61 
0.2 4.79 3.22 -3.71 
0.4 -3.89 
0.6 -3.34 
0.8 
System: C7OH/I6-5-I6 
-1.61 
0.2 4.26 2.76 -1.36 
0.4 +1.17 
0.6 -1.55 
0.8 
System: C80H/16-5-16 
+0.29 
0.2 3.96 2.33 -2.58 
0.4 -3.46 
0.6 -2.50 
0.8 -2.95 
'«! = mole fraction of the alcohol. 
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Table 3.12: Comparison table for synergism of the 
mixed systems of gemini surfactant hexanediyl-1, 6-
bis(dimethylcetylammonium bromide) and alcohols. 
«." In(C, VC2^ ) InCCr/Cz"*) /r-/r 
System: C4OH/I6-6-I6 
0.2 5.55 4.24 -4.99 
0.4 -6.17 
0.6 ^ .45 
0.8 
System: C5OH/I6-6-I6 
-2.34 
0.2 4.49 3.36 -5.64 
0.4 -6.35 
0.6 -8.67 
0.8 
System: C60H/16-<J-16 
^ .38 
0.2 4.40 3.03 -4.23 
0.4 -6.89 
0.6 -2.40 
0.8 
System: C7OH/I6-6-I6 
-2.69 
0.2 3.87 2.58 -3.67 
0.4 -1.98 
0.6 -2.89 
0.8 
System: CiOW16-6-U 
-3.69 
0.2 3.57 2.16 -2.74 
0.4 -2.70 
0.6 -3.69 
0.8 -3.63 
a _ ai = mole fraction of the alcohol. 
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Figure 3.1: Variation of surface tension (y) with concentration of gemini surfactant 
\6-4-\6 at different fixed concentrations of butanol (A), 1-pentanol (B), hexan-1-ol 
(C), 1-heptanol (D), and 1-octanol (E). 
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In the studies described in part A we have investigated the 16-5-16 
gemini micelles in the presence of primary linear alcohols. In order to have 
more detailed relationships of the architecture of gemini surfactants with the 
properties of mixed micelles, we report the results of similar studies carried out 
with some different alcohols, e. g., 1,2-butandiol, 2-methyl-l-butanol, 2-ethyl-
1-butanol and 2-butene-l,4-diol. 
Results and discussion 
Representative plots of the surface tension (y) versus log of the total 
surfactant concentration of 16-5-16 are shown in Figures 3.8 to 3.10. The 
critical micelle concentration {CMC) values of these mixed systems as well as 
of pure compounds were evaluated from the break point of such plots. Clearly, 
the surface tension decreases as the concentration of the additive increases. 
Surfactant molecules at low concentrations adsorb at the liquid/air interface 
until the surface of the solution is completely occupied, then the excess 
molecules tend to self-associate in the solution to form micelles, and the 
surface tension becomes constant. This break point in the surface tension 
versus concentration plot represents the CMC and all the so-obtained CMC 
values are presented in Tables 3.13 to 3.15. The CMC values decrease with 
increasing the alcohol concentration whereas an increase in the spacer chain 
length of the gemini surfactant produces the opposite effect (see Tables 3.13 to 
3.15). The trend is shown in Figure 3.11 (A-C). 
Here we have taken some different alcohols (as mentioned above) and 
find some interesting results. In case of 2-methyl-l-butanol and 2-ethyl-l-
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butanol, we find that CMC values are higher for 2-methyl-l-butanol than the 
corresponding 2-ethyI-l-butanol. This may be due to the coiling of these long 
chains in water. In case of 1,2-butandiol and 2-butene-l,4-diol, CMC values are 
higher for 1,2-butandiol in comparison to 2-butene-l,4-diol. As the hydrophilic 
group is moved from a terminal position to a more central position, the CMC 
increases. The hydrophobic group seems to act as if it had become branched at 
the position of the hydrophilic group, with the carbon atoms on the shorter 
section of the chain having about half their usual effect on the CMC. This may 
be the result of a steric factor in micelle formation. The CMC values of 16-5-
16/1,2-butandiol mixed systems are lower in comparison to I6-5-I6/C4OH 
mixed systems (explained in part A of this Chapter). This reduction in the CMC 
with increasing alcohol concentration is a combination of the decrease in the 
electrostatic repulsion in the head group region (due to the presence of two 
nonionic head groups in the alcohol) and the increase in the van der Waals 
interactions as the hydrocarbon chains of both the surfactant and the alcohol 
mix in the micellar interior. 
In presence of alcohols, the repulsion among head groups decrease and 
more gemini surfactant molecules can be accommodated at the interface. 
Hence, the value of F^ax (calculated by the equation (3.2)) increases with 
increase in the additive (alcohol) concentration (see Tables 3.13 to 3.15). By 
putting the values of f^o^ in equation (3.3), we obtained Ami„ values which are 
listed in Tables 3.13 to 3.15. It is obvious that, as the concentration of the 
additives (alcohols) increases, the values of Ami„ decrease. The low values of 
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A„i„ suggest that the air/water interface is close-packed and, therefore, the 
orientation of the surfactant molecules at the interface is almost perpendicular 
to the interface. 
Tables 3.13 to 3.15 also contain the values of C20, CMC/C20, IJCMC, and 
Cmin. The values of 17CMC, and G^ v^, are deduced from equations (3.1), and 
(3.4), respectively. All the values are obtained at different mole fractions of the 
added alcohols in 16-5-16 (5 = 4, 5, 6). In all cases, the C20 values decrease with 
additive concentration and follow a similar trend for all the alcohols. The 
magnitude of the negative log of the C20 value is 2 or 3 orders smaller than that 
of comparable conventional cationic surfactants [38] and also in good 
agreement with previous work [39]. The greater surface activity may be due to 
the presence of two hydrophobic groups in the gemini surfactant molecules. 
The CMC!C20 ratio is a measure of the surfactant to adsorb at the air/water 
interface, relative to its tendency to form micelles. The CMC/C20 ratio also 
measures how far the surface tension of water can be reduced by the presence 
of the surfactant. The CMC/C20 effectiveness is in the order: 16-5-16 > 16-5-16 
> 16-^-16, which supports the tendency of the 16-5-16 to adsorb at the 
air/water interface more than 16-5-16 and 16-4-16. 
Tables 3.13 to 3.15 show that all the values of G^ „„„ decrease with 
increasing additive (alcohol) concentrations. G^mi„ is the amount of work to 
make an interface per mole or the free energy change accompanied by the 
transition from the bulk phase to the surface phase of the solution components. 
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In our results, the low values of G'min indicate that more thermodynamically 
stable surface is formed or the greater surface activity is attained. 
Rubingh and Rosen models have been used to calculate the values of y^ 
andyS^  (by using equations (3.5), (3.6), (3.9), and (3.10)). At all mole fractions 
of the mixed systems, the ^ values are negative (Tables 3.16 to 3.18), 
suggesting that the interaction is more attractive in between the two 
components in the mixed micelles than the self-interaction of the two 
components before mixing. As the mole fraction of alcohols increases, ^ 
values become more negative. This indicates an increase in the attractive 
interaction with an increase in [alcohols] due to intercalation of alcohols in the 
micelles of the gemini surfactants which increases the hydrophobic interactions 
which decrease with increasing [alcohols]. 
Tables 3.16 to 3.18 also contain the values of yS^ , which are more 
negative than JT indicatmg that the interactions at the solution/air interface are 
stronger than in mixed micelles, i.e., (^ > J^). It is believed to be due to the 
steric factor in micelle formation. Steric considerations are much more 
important in micelle formation than in monolayer fonnation at a planar 
interface. Increased bulkiness in the hydrophobic group has been shown to 
inhibit micellization relative to adsorption at the aqueous/air interface. 
The values of AG^^ calculated by the equation (3.13) at each mole 
fraction of the additive (alcohols), aie mentioned in Tables 3.16 to 3.18. As the 
mole fraction of additives increases, the values of z/G^ become more negative. 
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These negative values of zlG„ at different mole fractions of added alcohols, 
indicating the stability of micelles. 
By using fluorescence quenching method at different mole ratios of 
binary 16-5-16/alcohol mixtures, the aggregation numbers (Nagg) were 
calculated and are presented in Tables 3.19 to 3.21. Nagg was deduced from the 
equation (3.14) (as shown in Figures 3.12 to 3.14). In our results, the values of 
N„gg for mixtures are greater than of pure gemini surfactants. These results 
again support our earlier explanation that the repulsion among head groups 
decreases upon addition of alcohols and more compact micelles are formed 
with higher aggregation number. 
The aggregation number of gemini component (Nge„,) was calculated by 
using the equation (3.15). All the values oiNgem are mentioned in Tables 3.19 
to 3.21. The values of/i/Tj ratios are calculated for all the three geminis and are 
mentioned in Tables 3.19 to 3.21. In case of all the three geminis, we get IJIT, 
ratios greater than unity, indicating the polar surrounding of pyrene around the 
probe. The values ofKsv is calculated by using equation (3.16) and all the Ksv 
values are mentioned in Tables 3.19 to 3.21. Our results of Ksv values show 
that in micellar solution life time of pyrene is higher and quenching is efficient. 
The values of dielectric constant are calculated by using equation (3.17). 
All the values of Z) are mentioned in Tables 3.19 to 3.21. Tables 3.19 to 3.21 
show that there is no definite trend in D values but the values lie in between 29-
50 for all mole fractions of 16-5-16/alcohol systems. These values are close to 
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the D values for methanol and ethanol [40], again confirming that the 
solubilized pyrene is in a short alcohol-like environment. 
Synergism 
In order for a mixture to show synergism in surface tension reduction 
effectiveness, when the mixed surfactant can reduce the surface tension to a 
lower value than attainable with either surfactant itself, both the strength of the 
interaction at the aqueous solution/air interface {^ and the strength of the 
interaction in the mixed micelle {fi") are involved. Here, the conditions are that 
ff-p" must be negative, and 
I / r - n > [|ln(C,^/C/) I - |ln(C,"7C/) |] 
Other conditions of synergism are given in part A of this Chapter. All the 
mixtures are found to exhibit synergism both in mixed micelles and 
monolayers formation with the alcohols (Tables 3.22 to 3.24). 
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Table 3,13: Effect of additive (alcohols) concentrations on the CMC, C20, CMC/C20, 
ncMc, r„,ca, Antin, and G\in values of cationic gemini butanediyl-1, 4 -
bis(dimethylcetylammonium bromide) surfactant in aqueous solutions at 303 K. 
ai" 10^ CMC 
(mol dm'^ ) (mol dm"^ ) 
CMC/C20 IIcMC 
(mN m"S (mol m"^ ) (A^) 
^ min 
(kJ mol"') 
0 2.72 0.83 
System: l,2-butandioyi6-'^-16 
3.27 30.0 1.66 100.0 25.30 
0.2 1.38 0.38 3.63 31.0 1.64 101.2 25.00 
0.4 1.15 0.26 4.37 32.0 1.75 94.9 22.86 
0.6 0.44 0.13 3.46 36.0 2.51 66.2 14.34 
0.8 0.27 0.08 3.46 38.0 2.69 61.7 12.64 
0.2 0.95 0.32 
System: 2-methyl 
3.02 
-l-butanol/16-^-16 
32.5 2.15 77.2 15.12 
0.4 0.57 0.17 3.46 34.0 2.27 73.1 16.74 
0.6 0.50 0.13 3.80 35.5 2.42 68.6 14.22 
0.8 0.30 0.08 3.63 37.5 2.69 61.7 12.83 
0.2 0.40 0.15 
System: 2-ethyl-
2.72 
l-butanol/16-^-16 
32.0 2.33 71.3 14.16 
0.4 0.30 0.08 3.80 35.5 2.46 67.5 13.21 
0.6 0.23 0.09 2.51 36.5 2.56 64.9 13.48 
0.8 0.22 0.08 2.76 37.5 3.23 51.4 10.68 
0.2 0.56 0.20 
System: 2-butene-l,4-diol/16-'^-16 
2.81 32.0 2.30 72.2 16.52 
0.4 0.42 0.14 3.02 34.0 2.46 67.5 14.23 
0.6 0.36 0.11 3.30 36.0 2.62 63.4 13.36 
0.8 0.21 0.10 2.09 37.0 4.13 40.2 8.47 
a\ = mole fraction of the alcohol. 
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Table 3.14: Effect of additive (alcohols) concentrations on the CMC, C20, CMC/C20, 
ncMC, r„ax, Amin, and G^min valucs of cationic gemini pentanediyl-1, 5-
bis(dimethylcetylanimonium bromide) surfactant in aqueous solutions at 303 K. 
"^j^ 10^  CMC Wc^o CMC/C20 HcMC 10^  •' max ^min " min 
(inoldm'^) (moldm'^ ) (mN m') (mol m'^ ) (A )^ (kJinol') 
System: l,2-butandiol/16-5-16 
0 3.80 0.87 4.36 26.5 1.03 161.2 44.18 
0.2 0.71 0.40 1.78 28.0 1.96 84.7 20.92 
0.4 0.46 0.20 2.29 29.0 2.27 73.1 16.74 
0.6 0.40 0.13 3.16 29.5 2.33 71.3 16.52 
0.8 0.23 0.08 2.88 37.5 2.77 59.9 12.46 
System: 2-methyl-l-butanol/16-5-16 
0.2 1.20 0.33 3.63 31.7 1.67 99.4 24.10 
0.4 0.81 0.28 2.96 32.5 2.37 70.1 16.67 
0.6 0.48 0.14 3.47 35.5 2.42 68.6 14.24 
0.8 0.29 0.07 3.98 38.0 2.51 66.2 13.55 
System: 2-ethyH-butanol/16-5-16 
0.2 0.40 0.20 1.99 29.0 2.44 68.1 13.53 
0.4 0.32 0.13 2.51 32.5 2.73 60.8 11.54 
0.6 0.25 0.09 2.88 35.0 2.92 56.9 11.99 
0.8 0.22 0.08 2.75 36.7 3.30 50.3 10.68 
System: 2-butene-l,4-diol/16-5-16 
0.2 0.58 0.33 1.74 26.5 2.62 63.4 15.46 
0.4 0.48 0.23 2.09 30.0 2.79 59.5 12.55 
0.6 0.36 0.17 2.19 32.0 2.96 56.1 11.82 
0.8 0.23 0.11 2.18 36.0 3.98 41.7 9.05 
«! = mole fraction of the alcohol. 
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Table 3.15: Effect of additive (alcohols) concentrations on the CMC, C20, CMC/C20, 
ncMC, J^max, A„i„, and G'min valucs of cationic gemini hexanediyl-1, 6-
bis(dimethylcetylammonium bromide) surfactant in aqueous solutions at 303 K. 
^ ' 10^  CMC 10^  C20 CMC/C20 HcMc 10^  •' max ^min " ni/n 
(mol dm'^ ) (mol dm'^ ) (mNm"^ ) (molm'^ ) (A )^ (kJinol') 
System: l,2-butandiol/16-6-16 
0 4.57 1.00 4.19 26.5 0.88 188.7 51.71 
0.2 0.50 0.35 1.44 24.0 2.01 82.6 22.39 
0.4 0.39 0.20 1.95 28.0 2.29 72.5 15.28 
0.6 0.23 0.11 2.08 29.0 2.42 68.6 15.70 
0.8 0.14 0.07 1.99 30.0 3.02 54.9 13.91 
System: 2-methyl -l-butanol/16-6-16 
0.2 1.17 0.50 2.34 27.5 1.72 96.5 20.05 
0.4 1.38 0.53 2.63 28.5 1.83 90.7 20.49 
0.6 0.40 0.16 2.52 31.0 2.39 69.5 15.07 
0.8 0.26 0.11 2.34 32.0 2.91 57.1 13.74 
System: 2-ethyI-l-butanoI/16-6-16 
0.2 0.50 0.25 2.00 26.0 1.70 97.7 23.53 
0.4 0.32 0.13 2.39 30.0 2.32 71.6 15.52 
0.6 0.27 0.09 3.16 33.5 2.42 68.6 13.84 
0.8 0.22 0.07 3.31 35.5 2.57 64.6 14.20 
System: 2-butene-l,4-diol/16-6-16 
0.2 0.48 0.32 1.52 24.5 2.32 71.6 16.60 
0.4 0.36 0.21 1.74 26.0 2.42 68.6 17.35 
0.6 0.35 0.15 2.30 31.5 2.74 60.6 13.32 
0.8 0.26 0.10 2.63 36.0 3.23 51.4 11.14 
a\ = mole fraction of the alcohol. 
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Table 3.16: Micellar compositions (Xi"', Xi% interaction parameters (/T, Jf), and 
activity coefficients (/!'", /2'", /i", /2O of binary mixtures of cationic gemini 
hexanediyl-1, 4-bis(dimethylcetylammonium bromide) surfactant and alcohols at 
different mole fractions of the alcohols. 
«i X,'" r / r fi" AG„ Xi" If f{ f{ 
(kJ mol') 
System: l,2-butandioI/16-^-16 
0.0025 0.536 ^ . 8 6 0.158 -9.54 0.0012 0.788 
0.0035 0.360 -6.06 0.251 -12.30 0.0010 0.461 
0.0016 0.102 -9.67 0.330 -16.72 0.0006 0.162 
0.0012 0.033 -12.09 0.378 -20.20 0.0004 0.056 
0.2 0.244 -10.46 
0.4 0.298 -11.50 
0.6 0.373 -16.40 
0.8 0.415 -19.74 
0.2 0.307 -9.68 
0.4 0.371 -11.77 
0.6 0.407 -12.72 
0.8 0.451 -15.92 
0.2 0.339 -15.06 
0.4 0.375 -16.06 
0.6 0.405 -17.55 
0.8 0.435 -18.92 
0.2 0.339 -17.35 
0.4 0.375 -18.62 
0.6 0.405 -20.05 
0.8 0.435 -23.25 
System: 2-methyl-l-butanol/16-'/-16 
0.0096 0.402 -5.19 0.278 -11.85 0.0021 0.400 
0.0095 0.198 -6.92 0.315 -12.06 0.0035 0.302 
0.0114 0.121 -7.74 0.363 -14.08 0.0033 0.156 
0.0082 0.039 -9.94 0.409 -16.80 0.0028 0.060 
System: 2-ethyl-l-butanol/16-'/-16 
0.0014 0.177 -8.50 0.313 -16.46 0.0004 0.199 
0.0019 0.104 -9.49 0.351 -17.95 0.0005 0.109 
0.0020 0.056 -10.66 0.364 -16.86 0.0011 0.107 
0.0024 0.028 -11.71 0.397 -18.21 0.0013 0.057 
System: 2-butene-l,4-diol/16-4-16 
0.0005 0.136 -9.80 0.256 -14.50 0.0003 0.386 
0.0007 0.073 -10.99 0.308 -16.57 0.0004 0.208 
0.0008 0.037 -12.18 0.337 -17.43 0.0005 0.138 
0.0006 0.012 -14.42 0.373 -19.14 0.0005 0.069 
$ 
^ 
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Table 3.17: Micellar compositions {X{", X{), interaction parameters (fi", ^), and 
activity coefficients (/!'", f^T, f\, f{) of binary mixtures of cationic gemini 
pentanediyl-1, 5-bis(dimethylcetylammonium bromide) surfactant and alcohols at 
different mole fractions of the alcohols. 
a, xr pr fr h"' Ac^ , x/ /r /,'' f{ (kJmor') 
System: l,2-butandiol/16-5-16 
0.2 0.319 -14.90 0.0010 0.219 -8.16 0.276 -14.50 0.0005 0.331 
0.4 0.362 -16.65 ^mw 0.113 -9.68 0.341 -18.30 0.0004 0.119 
0.6 0.39 -17.71 0.0014 0.068 -10.60 0.376 -20.80 0.0003 0.053 
0.8 0.428 -21.23 0.0010 0.020 -13.13 0.407 -23.09 0.0003 0.022 
System: 2-methyl-1 -butanol/16-5-16 
0.2 0.321 -9.67 0.0116 0.369 -5.31 0.302 -11.72 0.0033 0.343 
0.4 0.378 -11.17 0.0133 0.203 -6.61 0.338 -11.81 0.0057 0.259 
0.6 0.423 -13.67 0.0105 0.086 -8.42 0.397 -15.80 0.0032 0.082 
0.8 0.462 -16.78 0.0078 0.028 -10.50 0.436 -19.08 0.0023 0.026 
System: 2-ethyl-l-butanol/16-5-16 
0.2 0.357 -16.04 0.0013 0.129 -9.28 0.346 -18.07 0.0004 0.115 
0.4 0.388 -16.67 0.0019 0.081 -9.98 0.376 -18.99 0.0006 0.068 
0.6 0.416 -18.05 0.0021 0.044 -11.05 0.395 -18.99 0.0010 0.052 
0.8 0.444 -19.46 0.0024 0.021 -12.14 0.422 -19.86 0.0013 0.029 
System: 2-butene-l,4-diol/l6-5-16 
0.2 0.325 -16.50 0.0005 0.175 -9.12 0.288 -15.34 0.0004 0.280 
0.4 0.355 -17.03 0.0008 0.117 -9.82 0.340 -18.02 0.0004 0.124 
0.6 0.386 -18.70 0.0009 0.062 -11.15 0.366 -18.94 0.0005 0.079 
0.8 0.422 -21.85 0.0007 0.020 -13.47 0.399 -20.89 0.0005 0.036 
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Table 3.18: Micellar compositions {Xx"", Xx"), interaction parameters (yT, /f), and 
activity coefficients ifx"', fT, f\, fi) of binary mixtures of cationic gemini 
butanediyl-1, 6-bis(dimethylcetylammonium bromide) surfactant and alcohols at 
different mole fractions of the alcohols. 
«; Xx" fT h h 
(kJ mol') 
Xx" ff fx fi 
0.2 0.344 -17.05 
System: l,2-butandiol/16-6-16 
0.0007 0.133 -9.69 0.333 -18.85 0.0002 0.123 
0.4 0.375 -17.87 0.0009 0.081 -10.55 0.370 -21.04 0.0002 0.056 
0.6 0.407 -20.43 0.0008 0.034 -12.42 0.393 -22.23 0.0003 0.032 
0.8 0.438 -23.64 0.0006 0.011 -14.63 0.418 -23.78 0.0003 0.016 
0.2 0.338 -10.35 
System: 2-methyl-l-butanol/16-<J-16 
0.0107 0.306 -5.84 0.358 -15.60 0.0016 0.135 
0.4 0.367 -09.38 0.0233 0.282 -5.49 0.369 -13.33 0.0050 0.163 
0.6 0.434 -14.86 0.0085 0.061 -9.19 0.418 -17.55 0.0026 0.047 
0.8 0.468 -17.59 0.0069 0.021 -11.05 0.445 -18.42 0.0034 0.026 
0.2 0.358 -15.56 
System: 2-ethyl-l-butanol/16-6-16 
0.0016 0.136 -9.01 0.358 -18.17 0.0006 0.097 
0.4 0.396 -17.26 0.0018 0.067 -10.40 0.390 -19.61 0.0007 0.051 
0.6 0.421 -18.17 0.0023 0.040 -11.16 0.415 -21.25 0.0007 0.026 
0.8 0.45 -20.08 0.0023 0.017 -12.53 0.439 -22.38 0.0009 0.013 
0.2 0.341 -17.82 
System: 2-butene-l,4-diol/16-6-16 
0.0004 0.124 -10.10 0.335 -18.98 0.0002 0.115 
0.4 0.372 -18.81 0.0006 0.074 -11.09 0.358 -18.96 0.0004 0.088 
0.6 0.394 -19.33 0.0008 0.050 -11.63 0.385 -20.37 0.0005 0.049 
0.8 0.426 -21.82 0.0008 0.019 -13.44 0.414 -22.22 0.0005 0.022 
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Table 3.19: Average aggregation numbers {Nagg), 
aggregation numbers of gemini {Ngem), aggregation 
numbers of alcohols (Naicohoi), Stem-Volmer constant 
(Ksy), micropolarity (/1//3), and apparent dielectric 
constant (D) for the gemini/alcohol mixed systems 
evaluated on the basis of steady-state fluorescence 
quenching technique. 
« . ' ^agg J^gem Nalcohol Ksvll^ 
(mol"' dm )^ 
/1//3 D 
System: 1,2-butandiol/l 6-4-16 
0 30 30 0 1.8 1.48 38 
0.2 48 38 10 4.6 1.58 46 
0.4 45 27 18 2.2 1.59 47 
0.6 50 20 30 2.1 1.49 39 
0.8 215 43 172 5.4 1.60 48 
System: 2-methyl-l-butanol/16-'^-16 
0.2 48 38 10 5.4 1.56 44 
0.4 46 28 18 3.7 1.58 46 
0.6 76 30 46 7.9 1.59 47 
0.8 88 18 70 8.3 1.46 36 
System: 2-ethyl-l-butanol/16-'/-16 
0.2 124 100 24 2.0 1.43 34 
0.4 100 60 40 5.0 1.61 49 
0.6 115 31 84 4.4 1.62 50 
0.8 148 30 118 7.4 1.45 35 
System: 2-butene-l,4-diol/16-'/-16 
0.2 93 73 20 11.2 1.47 38 
0.4 96 57 39 5.4 1.48 40 
0.6 128 51 77 4.9 1.73 58 
0.8 308 52 256 6.2 1.50 39 
'«! = mole fraction of the alcohol. 
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Table 3.20: Average aggregation numbers (Nagg), 
aggregation numbers of gemini (Ngem), aggregation 
numbers of alcohols {Nakohod^ Stem-Volmer constant 
{Ksv), micropolarity (/1//3), and apparent dielectric 
constant {D) for the gemini/alcohol mixed systems 
evaluated on the basis of steady-state fluorescence 
quenching technique. 
a," Nagg Ngem Nalcohol Ksyll^* Wh D 
(mor^  dm )^  
System: l,2-butandioI/16-5-16 
0 39 39 0 3.0 1.60 47 
0.2 53 42 11 2.5 1.46 37 
0.4 63 41 22 2.6 1.48 38 
0.6 94 38 56 2.3 1.46 36 
0.8 172 27 145 2.7 1.42 33 
System: 2-methyl-l-butanol/l 6-5-16 
0.2 137 109 28 6.0 1.51 40 
0.4 212 127 85 11.3 1.56 45 
0.6 220 32 188 2.3 1.36 29 
0.8 252 50 202 13.5 1.60 47 
System : 2-ethyl-l-butanol/16-5-16 
0.2 65 52 13 1.8 1.43 33 
0.4 72 35 37 1.7 1.42 33 
0.6 107 43 64 2.1 1.48 38 
0.8 176 35 141 1.7 1.40 32 
System : 2-butene-l,4-diol/16-5-16 
0.2 140 91 49 4.2 1.53 42 
0.4 166 99 67 5.9 1.54 42 
0.6 151 60 91 1.8 1.46 36 
0.8 189 37 152 1.3 1.44 35 
'oT] = mole fraction of the alcohol. 
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Table 3.21: Average aggregation numbers (Nagg), 
aggregation numbers of gemini (Agem), aggregation numbers of 
alcohols iNaico/ioi)> Stem-Volmer constant (Ksv), 
micropolarity (/1//3), and apparent dielectric constant (D) 
for the gemini/alcohol mixed systems evaluated on the 
basis of steady-state fluorescence quenching technique. 
ai' ^agg -i^gem ^alcohol 
(mol' dm )^ 
h/h D 
0 41 
System: l,2-butandiol/16-6-16 
41 0 2.4 1.64 50 
0.2 46 36 10 0.9 1.55 43 
0.4 66 40 26 2.3 1.49 39 
0.6 80 32 48 1.0 1.43 34 
0.8 160 30 130 1.97 1.54 42 
0.2 156 
System: 2-methyl-l-butanol/16-6-16 
119 37 6.8 1.44 35 
0.4 129 77 52 3.6 1.52 41 
0.6 114 46 68 3.4 1.43 33 
0.8 252 50 202 13.5 1.60 47 
System: 2-ethyl-l-butanol/16-6-16 
0.2 188 150 38 7.9 1.59 47 
0.4 185 41 144 1.4 1.48 37 
0.6 195 55 140 2.4 1.47 37 
0.8 228 45 183 2.9 1.52 41 
System: 2-butene-l,4-diol/16-d-16 
0.2 118 94 24 3.7 1.45 35 
0.4 115 33 82 1.1 1.42 33 
0.6 107 43 64 1.3 1.48 38 
0.8 225 50 175 1.8 1.50 39 
'«] = mole fraction of the alcohol. 
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Table 3.22: Comparison table for synergism of the 
mixed systems of gemini surfactant butanediyl-1, 4 -
bis(dimethylcetylammonium bromide) and alcohols. 
a." \niQ^/C2^) InCCr/G") If-pr 
System: l,2-butandiol/16-^-16 
0.2 6.82 5.10 +0.92 
0.4 -0.80 
0.6 -0.32 
0.8 
System: 2-methyl-l-butanoI/16-<^-16 
-0.46 
0.2 4.83 3.17 -2.17 
0.4 -0.29 
0.6 -1.36 
0.8 
System: 2-ethyl-l-butanol/16-^-16 
-0.88 
0.2 5.57 4.13 -1.40 
0.4 -1.88 
0.6 +0.69 
0.8 
System: 2-butene-l,4-diol/16-^-16 
+0.72 
0.2 6.77 5.47 +2.84 
0.4 +2.06 
0.6 +2.62 
0.8 +4.11 
^a\ = mole fraction of the alcohol. 
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Table 3.23: Comparison table for synergism of the mixed 
systems of gemini surfactant pentanediyl-1, 5-
bis(dimethylcetylammonium bromide) and alcohols. 
«," In(C,V<:2'') IniQyCi'") ff-fT 
System: l,2-butandiol/16-5-16 
0.2 6.08 4.77 +0.41 
0.4 -1.64 
0.6 -3.10 
0.8 
System: 2-methyl-l-butanol/l6-5-16 
-1.86 
0.2 4.10 2.83 -2.05 
0.4 -0.55 
0.6 -2.17 
0.8 
System: 2-ethyl-l-butanol/16-5-16 
-2.30 
0.2 4.83 3.80 -2.03 
0.4 -2.32 
0.6 -0.94 
0.8 
System: 2-butene-l,4-dioI/l6-5-16 
-0.40 
0.2 6.77 5.47 +2.84 
0.4 +2.06 
0.6 +2.62 
0.8 +4.11 
Qfi = mole fraction of the alcohol. 
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Table 3.24: Comparison table for synergism of the mixed 
systems of gemini surfactant hexanediyl-1, 6-
bis(dimethylcetylammonium bromide) and alcohols. 
« l ' ln(C,VC2^) IniQyCi'") ff-pr 
System: l,2-butandiol/16-6-16 
0.2 5.62 4.58 -1.80 
0.4 -3.18 
0.6 -1.80 
0.8 
System: 2-methyl-l-butanol/16-6-16 
-0.14 
0.2 3.64 2.65 -5.25 
0.4 -3.94 
0.6 -2.69 
0.8 
System: 2-ethyl-l-butanoI/16-6-16 
-0.82 
0.2 4.37 3.62 -2.62 
0.4 -2.35 
0.6 -3.09 
0.8 
System: 2-butene-l,4-diol/16-<i-16 
+2.30 
0.2 5.57 4.95 -1.16 
0.4 -0.14 
0.6 -1.04 
0.8 -0.40 
a\ = mole fraction of the alcohol. 
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Figure 3.8: Plots of surface tension (y) with logarithm of gemini surfactant 
(16-'^ -16) concentration (logCt) at different fixed concentrations of alcohols 
(1, 2-butandiol (A), 2-methyl-l-butanol (B), 2-ethyl-l-butanol (C), and 2-butene-
l,4-diol(D)). 
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Figure 3.9: Plots of surface tension (y) with logarithm of gemini surfactant 
(16-5-16) concentration (logCt) at different fixed concentrations of alcohols 
(1, 2-butandiol (A), 2-methyl-l-butanol (B), 2-ethyl-l-butanol (C), and 2-butene-
l,4-diol(D)). 
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Figure 3.10: Plots of surface tension (y) with logarithm of gemini surfactant 
(\6-6-\6) concentration (logCt) at different fixed concentrations of alcohols 
(1, 2-butandiol (A), 2-methyl-l-butanol (B), 2-ethyl-l-butanol (C), and 2-butene-
l,4-diol(D)). 
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Figure 3.11: Values of CMC of the gemini surfactants (16-4-16 (A), 16-5-16 (B), 
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Chavter-IV 
Mixed Micellization between 
Cationic Gemini Alkanediyl-a, eo-
bis(dimethylcetylammonium bromide) 
Surfactants (16'S'16, s = 4,5,6) and 
Amines: A Tensiometric Study 
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Introduction 
Surfactants have received wide attention because of their efficient 
solubilization, suspension, dispersion and transportation properties [1]. In the 
present era, the rising demand for newer materials with improved and novel 
properties has given emphasis to the studies of surfactant-additive systems. Most 
of the studies are made from the perspective of synergism in mixtures [2, 3]. This 
synergistic phenomenon can also be highly beneficial for environment as it allows 
less amount of surfactants released, and their impact to be substantially reduced 
[4]. Despite a vast literature available on conventional surfactants, the studies on 
the effect of additives on gemini surfactants are still scant. Gemini surfactants 
possess a number of superior properties compared to conventional single headed, 
single tailed surfactants [5]. So far the most investigated geminis have been the 
alkanediyl-a, o^-bis (dimethylcetyl ammonium bromide) (so-called m-5-m type). 
Studies of solubilization of organic compounds in gemini micellar solutions are 
still scarce [6, 7]. The addition of KBr to a solution of gemini surfactant causes the 
formation of a lamellar phase followed by phase separations [8]. Studies by 
Kabir-ud-Din's group [9-15] on the influence of a variety of additives 
(organic/inorganic compounds, non-electrolytes, surfactants, etc.; using 
viscometry, tensiometry, DLS, ' H N M R techniques) have yielded important 
results including structural transitions and growth of micelles in gemini solutions. 
The results on the effect of aromatic acids/salts added to 16-5-16 (5 = 4, 5, 6) need 
special mention as site of solubilization has been located on the basis of ' H NMR 
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studies [14, 15]. Further, tensiometric, conductometric, and fluorescence studies 
with amines [16, 17], alkanols [16, 18], and conventional surfactants [19-22] have 
shov^ n^ formation of gemini-additive mixed micelles with synergism. Luis Garcia-
Rio et al. [23] have studied the mixed micellization behaviour of linear primary 
alkyl amines and cetyltrimethylammonium chloride. Similarly, different authors 
have established that the interaction between cationic surfactants and alkyl amines 
produced stable mixed micellar aggregates. Mirgorodskaya et al. [24] have 
demonstrated the formation of mixed micellar aggregates between cetylpyridinium 
chloride and different linear alkylamines (butylamine, heptylamine, octylamine 
and decylamine) by studying the aminolysis of p-nitrophenyl caprylate. Similar 
evidence is found from the study of hydrolysis of phosphoric acid esters in mixed 
systems formed by long chain amines (butylamine, octylamine and decylamine) 
and cetylpyridinium bromide [25, 26]. 
In Chapter III studies on the effect of alcohols on micellization of gemini 
surfactants (16-5-16) have been described. As the interactions between 
conventional cationic surfactants and alkyl amines produce stable mixed micellar 
aggregates [27-30], the work has been extended to investigate the molecular 
interactions in the micellization of the cationic gemini surfactants (16-5-16) and 
amines at 303 K, using tensiometry. The mixtures are characterized by their CMC. 
The different surface properties of the gemini surfactants in aqueous solutions are 
evaluated using the smface tension (y) versus logCt plots in absence as well as 
presence of additives (amines). The minimum free energy {G^min) of the gemini 
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surfactants is also evaluated. As amines act as quencher, therefore, fluorescence 
measurements could not be performed on gemini/amine systems. The work has 
relevance as regards the use of alkyl amines as co-surfactants for microemulsions 
formulations with surfactant + oil systems [31, 32]. Further, microemulsions are 
considered to be good drug carriers and the presence of amines in such 
combinations may show their specific effects [33] as blood and saliva are known 
to contain various amines and polyamines [34]. 
(A) 
Interactions between Cationic 
Gemini Alkanediyl-Hf co-
bis(dimethylcetylammonium bromide) 
Surfactants (Id-s-ld, s = 4,5,6) and 
Primary Linear Alkyl Amines 
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Results and discussion 
Surface tension (y) versus logarithm of total surfactant concentration 
(logC,) profiles for different constant composition mixtures of 16-5-16 (s = 4, 5. 6) 
and alkyl amines (C4NH2-C8NH2) in aqueous solutions are shown in Figures 4.1 to 
4.3. The concentration corresponding to break in the curve represents the CMC in 
all the systems and the obtained CMC values are presented in Tables 4.1 to 4.3. 
The CMC values decrease with increasing concentration as well as the alkyl chain 
length of the additives whereas increase in spacer chain length of the gemini 
produces an opposite effect (Tables 4.1 to 4.3). The trend is illustrated in Figure 
4.4 (A-C), wherein we find the order to be: CgNHa > C7NH2 > CeNHz > C5NH2 > 
C4NH2 and 16-5-16 > 16-5-16 > 16--^ -16. 
In the studies described in Chapter III the effect of alcohols on 16-5-16 
were seen. After studying the effect of amines on 16-5-16, we find that the amines 
are less effective than the corresponding alcohols in reducing the CMC values of 
all the geminis. The amines are weak bases and ( - NH2+ H2O ::;:-:z^ — NH3 + OH ) 
due to feeble hydrolysis, the protonated amine species get repelled by the cationic 
geminis. This specific interaction between the surfactant head groups and amines 
is responsible for the latter to be less effective. 
The variation of C20, CMC/C20, HCMC, ^max, Amin, and G'„i„ values, obtained 
at different mole fractions of the added primary alkyl amines in 16-i'-16 solutions, 
are also collected in Tables 4.1 to 4.3. The values of IJCMC, ^max, A^in, and C^m are 
deduced from equations (3.1), (3.2), (3.3), and (3.4), respectively. In all cases, the 
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C20 values decrease with additive concentration and follow similar trend for all the 
amines. The magnitude of the negative log of the C20 value is 2 or 3 orders smaller 
than those of comparable conventional cationic surfactants. This is in good 
agreement with previous work [35] showing that the presence of two hydrophobic 
groups in the gemini molecule results in greater surface activity. The C20 value 
increases with increasing the spacer chain length of the gemini surfactants. The 
CMC/C20 ratio is a measure of tendency of the surfactant to adsorb at the air/water 
interface, relative to its tendency to form micelles. The CMC/C20 ratio also 
measures how far the surface tension of water can be reduced by the presence of 
the surfactant. The CMC/C20 effectiveness is in the order: 16-6-16 > 16-5-16 
> 16-4-16, which supports the tendency of the 16-6-16 being greater than 16-
5-16 and 16-'/-! 6 to adsorb at the air/water interface. 
With increasing the amine concentration, the values of UCMC increase, 
indicating that the efficiency increases (Tables 4.1 to 4.3). The values of UCMC 
decrease with increasing the spacer length of the gemini surfactants. 
For calculating r„ax of gemini surfactants, there is an ongoing dispute 
about the value of n. In this case, for calculating r^ax, we used a value of 2 for n. 
The slope of the tangent at the given concentration of the y versus logC, plot was 
used to calculate T^^. The value ofF^gj^ increases with an increase in the additive 
(amine) concentrations (Tables 4.1 to 4.3). This indicates that the gemini 
surfactant solutions in presence of amines have greater preference to be adsorbed 
at air/water interface, compared to a pure gemini surfactant solution. The presence 
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of alkyl amines decrease the replusion among head groups and more gemini 
surfactant molecules can be adsorbed at the interface. 
The area decrease with increasing additive concentration (Tables 4.1 to 4.3) 
takes place due to progressive charge shielding and closer packing of the gemini 
surfactant ions in the surface. This result suggests that the orientation of the 
gemini surfactant molecules at the interface is almost perpendicular to the 
interface [36]. Whereas r„a^ decreases with increasing the spacer length, both in 
absence and presence of amines, the A„i„ followed a reverse order, i. e., 16-6-16 > 
16-5-16 > 16-^-16. This may be due to intramolecular head group distances. In 
this case, the spacer chain could be in contact with water. With addition of amines, 
the values of F^ax increase and the values of Ar„i„ decrease and the trend is 
followed by all the systems. 
Molecular interactions between two compounds (amphiphiles) at an 
interface or in micelles are commonly measured by the so-called y9 parameters, 
which are conveniently obtained from surface (or interfacial) tension or from 
CMC data on the basis of Rubingh and Rosen models (by using equations (3.5), 
(3.6), (3.9), and (3.10)). By calculating the values of yf (interaction parameters), 
the nature and strength of the interaction between two components can be 
determined. 
As the mole fraction of alkyl amines increases, ^ values become more 
negative (see Tables 4.4 to 4.6). This indicates an increase in the attractive 
interaction with the increase in [amines]. The ^ trend is similar (Tables 4.4 to 
124 
4.6). In our results, we find that ^> p". The weaker interaction of geminis in the 
mixed micelle compared to that in the mixed monolayer is believed to be due to 
the greater difficulty of incorporating the two hydrophobic groups of the gemini 
into the convex mixed micelles compared to that of accommodating them at planar 
interface. Increased bulkiness in the hydrophobic groups in the gemini molecule 
also inhibits micellization relative to adsorption at the aqueous/air interface. 
X\ (both Xx"" and X") are smaller with amines/geminis than with 
alcohols/geminis systems. Due to charge similar to the charge of surfactants, less 
amine partitions in the head group region. 
Synergism 
The data of Tables 4.7 to 4.9 show that all the mixtures have ^-pl" values 
that are negative. As mentioned before, one of the most important types of synergy 
shown by surfactant mixtures is synergism in surface tension reduction 
effectiveness. The conditions for this type of synergy to occur are the following 
[37] 
1.0'-^ must be negative 
2. I /f- /r | > [|ln(C//C/) I -\\n{CriC,'")W 
Synergism exists in mixed micelle formation when the CMC of the mixture is less 
than that either surfactant at the mixture. The conditions for this to exist in a 
mixture are the following [37] 
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1. ;5^ must be negative 
2. \jr\>\\n{CC IC^"")] 
The conditions of synergism to exist at air/solution interface are the following [37] 
1. P' must be negative 
2 . n > | l n ( C , ^ / C / ) | 
All the mixtures of the cationic gemini surfactants and alkyl amines exhibit 
synergism in surface tension reduction efficiency. The data also show that there is 
very good synergism for surface tension reduction efficiency for the gemini/alkyl 
amine mixture (Tables 4.7 to 4.9). 
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Table 4.1: Effect of additive (alcohols) concentrations on the CMC, C20, CMC/C20, 
ncMC, ^max, ^mm, and G'mi„ valucs of cationic gemini butanediyl-1, 4-
bis(dimethylcetylammonium bromide) surfactant in aqueous solutions at 303 K. 
«," 10^  CMC 10'Go CMC/C20 ITcMC i " •« max '''imin " min 
(mol dm" )^ (mol dm'^) (mN m"') (mol m'^ ) (A^) (kJ mol') 
System: C4NH2/16-^-16 
0 2.72 0.83 3.27 30.0 1.66 100.0 25.30 
0.2 2.29 0.91 2.51 31.5 1.89 88.3 21.54 
0.4 1.82 0.55 3.31 36.0 2.04 81.4 17.65 
0.6 0.57 0.26 2.19 38.5 2.15 77.2 15.58 
0.8 0.23 0.23 1.00 
System: 
39.0 
CsNHz/ie-^-lfi 
2.31 71.9 14.29 
0.2 1.96 0.72 2.71 31.0 1.89 87.8 21.68 
0.4 1.32 0.60 2.19 34.0 2.15 77.2 17.67 
0.6 0.49 0.22 2.17 37.0 2.73 60.8 12.82 
0.8 0.16 0.07 2.28 
System: 
39.0 
C6NH2/16-^-16 
2.95 56.3 11.19 
0.2 1.90 0.95 2.00 32.0 1.90 87.4 21.06 
0.4 1.20 0.48 2.51 38.0 1.94 85.6 17.53 
0.6 0.48 0.26 1.82 39.0 2.98 55.7 11.07 
0.8 0.13 0.04 3.02 
System: 
41.5 
C7NH2/16-^-16 
3.15 52.7 9.68 
0.2 1.57 0.46 3.44 31.0 1.91 86.9 21.46 
0.4 0.87 0.52 1.66 32.0 2.63 63.1 15.20 
0.6 0.40 0.25 1.58 34.0 2.76 60.1 13.76 
0.8 0.12 0.09 1.32 
System: 
39.0 
C8NH2/16-¥-16 
2.93 56.7 11.27 
0.2 0.60 0.27 2.29 36.0 2.05 81.0 17.56 
0.4 0.17 0.08 2.09 38.0 2.35 70.6 14.46 
0.6 0.06 0.03 1.99 39.5 2.56 64.8 12.68 
0.8 0.02 0.01 1.98 41.0 2.69 61.7 11.52 
'«) = mole fraction of the alkyl amine. 
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Table 4.2: Effect of additive (alcohols) concentrations on the CMC, C20, CMC/C20, 
HcMc, ^max, ^min, and G'min VEIUCS of cationic gemini pentanediyl-I, 5-
bis(dimethylcetylammonium bromide) surfactant in aqueous solutions at 303 K. 
«." 10^  CMC 10'C20 CMC/C20 HcMC 10'r„ .^ ^min " min 
(mol dm'^) (mol dm'^) (mN m"') (mol m"^ ) (A^) (kJ mol"') 
System: C4NH2/I6-5-I6 
0 3.80 0.87 4.36 26.5 1.03 161.2 44.18 
0.2 3.16 0.83 3.79 27.0 1.13 146.9 39.82 
0.4 2.51 0.76 3.31 32.0 1.88 88.3 21.27 
0.6 0.79 0.40 1.99 35.5 2.77 73.1 16.07 
0.8 0.28 0.11 2.52 
System: 
41.0 
C5NH2/I6-5-I6 
2.37 70.0 13.07 
0.2 2.34 0.81 2.56 27.5 1.85 89.7 24.04 
0.4 1.96 0.66 2.96 34.0 2.29 72.5 16.59 
0.6 0.72 0.30 2.40 37.0 2.66 62.4 13.15 
0.8 0.24 0.12 1.99 
System: 
39.0 
C6NH2/I6-5-I6 
2.78 59.7 11.87 
0.2 1.96 0.76 2.58 30.0 1.83 90.7 18.52 
0.4 1.26 0.60 2.09 34.5 1.93 86.0 17.14 
0.6 0.55 0.17 3.15 40.0 2.15 77.2 14.53 
0.8 0.21 0.08 2.51 
System: 
42.0 
C7NH2/I6-5-I6 
2.51 66.1 13.26 
0.2 1.77 0.83 2.13 31.5 1.76 94.3 23.00 
0.4 0.79 0.30 2.63 33.5 2.46 67.5 15.65 
0.6 0.28 0.15 1.82 36.0 2.56 64.8 14.05 
0.8 0.12 0.05 2.18 
System: 
41.0 
C8NH2/I6-5-I6 
2.87 57.8 10.79 
0.2 0.72 0.04 1.66 33.0 1.67 99.4 23.35 
0.4 0.22 0.09 2.30 37.0 1.70 97.6 20.58 
0.6 0.08 0.03 2.63 40.0 1.95 85.1 16.40 
0.8 0.03 0.01 2.62 42.0 2.15 77.2 13.95 
OTi = mole fraction of the alkyl amine. 
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Table 4.3: Effect of additive (alcohols) concentrations on the CMC, C20, CMC/C20, 
HcMc, ^max, ^min, and G'„i„ values of cationic gemini hexanediyl-1, 6-
bis(dimethylcetylammonium bromide) surfactant in aqueous solutions at 303 K. 
«," 10^  CMC 10^ C20 CMC/C20 IIcMC i " ' max • ^ B i i n " min 
(mol dm'^) (mol dm" )^ (mN m"') (mol m'^ ) (A^) (kJ mol"*) 
System: C4NH2/I6-6-I6 
0 4.60 1.00 4.19 26.5 0.88 188.7 51.71 
0.2 3.63 0.95 3.80 27.0 1.32 125.7 34.07 
0.4 3.02 0.83 3.63 28.7 1.50 110.6 28.84 
0.6 1.86 0.63 2.95 31.8 1.88 88.3 21.38 
0.8 1.66 0.60 2.76 
System: 
35.5 
C5NH2/I6-6-I6 
2.07 80.2 17.63 
0.2 2.88 0.94 3.02 27.7 1.84 90.2 24.07 
0.4 2.29 0.91 2.51 30.7 1.94 85.6 21.29 
0.6 1.07 0.55 1.95 32.0 2.05 80.9 19.49 
0.8 0.80 0.50 1.58 
System: 
33.8 
C6NH2/I6-6-I6 
2.15 77.2 17.76 
0.2 1.29 0.69 1.86 24.5 1.45 114.5 32.76 
0.4 1.23 0.63 1.95 30.7 1.53 97.1 24.15 
0.6 1.00 0.44 2.29 33.8 2.10 79.1 18.20 
0.8 0.62 0.35 1.77 
System: 
37.3 
C7NH2/16-<J-16 
2.53 65.6 13.71 
0.2 0.91 0.72 1.26 25.5 1.61 103.1 28.88 
0.4 0.60 0.36 1.66 33.5 2.40 69.2 16.05 
0.6 0.40 0.29 1.71 35.5 2.58 64.4 14.16 
0.8 0.27 0.17 1.62 
System: 
39.4 
C8NH2/I6-6-I6 
2.69 61.7 12.11 
0.2 0.50 0.19 2.50 30.7 1.61 103.1 25.65 
0.4 0.40 0.13 2.88 36.2 1.88 88.3 19.04 
0.6 0.35 0.12 2.82 38.2 2.10 79.1 16.10 
0.8 0.18 0.07 2.63 41.0 2.69 61.7 11.52 
a\ = mole fraction of the alkyl amine. 
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Table 4.4: Micellar compositions {Xx'",Xx''), interaction parameters {0", 0), and 
activity coefficients {fr,fT>f\.fi) of binary mixtures of butanediyl-1, 4-bis 
(dimethylcetylammonium bromide) and alkyl amines at different mole fractions 
of alkyl amines {a{). 
a, xr pr /,"• /{> AGe, X," If /," f{ 
(kJ mol"') 
System: C4NH2/16-^-16 
0.2 0.164 -8.14 0.0034 0.803 -2.81 0.128 -8.44 0.0016 0.871 
0.4 0.250 -10.05 0.0035 0.534 -4.75 0.211 -10.29 0.0017 0.632 
0.6 0.355 -16.22 0.0012 0.129 -9.34 0.333 -17.21 0.0005 0.148 
0.8 0.408 -18.36 0.0016 0.047 -11.18 0.374 -19.68 0.0005 0.064 
System: C5NH2/16-¥-16 
0.2 0.195 -8.87 0.0032 0.714 -3.51 0.158 -11.43 0.0003 0.752 
0.4 0.283 -11.33 0.0030 0.404 -5.78 0.221 -12.99 0.0004 0.530 
0.6 0.364 -16.47 0.0013 0.113 -9.59 0.308 -17.94 0.0002 0.182 
0.8 0.418 -22.57 0.0005 0.019 -13.81 0.365 -22.73 0.0001 0.048 
System: C^Yi2l^6-4-\6 
0.2 0.205 -8.50 0.0047 0.699 -3.49 0.142 -7.07 0.0055 0.867 
0.4 0.297 -11.14 0.0041 0.374 -5.85 0.284 -11.46 0.0028 0.397 
0.6 0.372 -15.83 0.0019 0.112 -9.34 0.308 -13.65 0.0026 0.208 
0.8 0.427 -22.63 0.0006 0.019 -13.70 0.365 -21.12 0.0007 0.028 
System: C7NH2/16-^-16 
0.2 0.233 -9.44 0.0039 0.599 -4.25 0.194 -10.08 0.0014 0.684 
0.4 0.320 -12.47 0.0031 0.279 -6.84 0.240 -10.51 0.0023 0.546 
0.6 0.380 -16.43 0.0018 0.093 -9.76 0.391 -18.33 O.OOU 0.061 
0.8 0.430 -22.63 0.0006 0.015 -14.07 0.402 -22.54 0.0003 0.026 
System: C8NH2/16-^-16 
0.2 0.326 -12.69 0.0031 0.259 -7.04 0.291 -12.29 0.0021 0.353 
0.4 0.395 -17.78 0.0015 0.062 -10.71 0.375 -18.11 0.0009 0.078 
0.6 0.432 -22.48 0.0007 0.015 -13.91 0.414 -22.52 0.0004 0.021 
0.8 0.460 -27.58 0.0003 0.003 -17.30 0.446 -27.95 0.0002 0.004 
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Table 4.5: Micellar compositions {X\'", X{), interaction parameters {0", Jf), and 
activity coefficients (f\'", fi", fi", fi") of binary mixtures of pentanediyl-1, 5-bis 
(dimethylcetylammonium bromide) and alkyl amines at different mole fractions 
of alkyl amines (ai). 
a, X,'" / r / r /i"* AGe, X," If fy" f{ 
(kJ mol')  
System: C4NH2/I6-5-I6 
0.0045 0.799 -2.77 0.172 
0.0047 0.531 -4.64 0.220 
0.0016 0.130 -9.13 0.346 
0.0018 0.042 _ii.28 0.410 
System: CsNH2/16-5-16 
0.0034 0.632 -4.06 0.032 
0.0044 0.429 -5.40 0.232 
0.0019 0.119 -9.20 0.326 
0.0007 0.021 -13.35 0.383 
System: C6NH2/I6-5-I6 
0.0040 0.548 ^ . 5 9 0.223 -8.80 0.0049 0.646 
0.0039 0.290 -6.60 0.319 -12.12 0.0036 0.291 
0.0022 0.092 -9.62 0.393 -18.23 0.0012 0.059 
0.0010 0.019 -13.10 0.431 -22.27 0.0007 0.016 
System: C7NH2/I6-5-I6 
0.0039 0.500 -4.94 0.220 -9.99 0.0023 0.616 
0.0026 0.190 -7.92 0.325 -14.71 0.0012 0.211 
0.0012 0.047 -11.42 0.382 -19.43 0.0006 0.059 
0.0006 0.011 -14.58 0.425 -25.10 0.0003 0.011 
System: C8NH2/I6-5-I6 
0.0036 0.228 -7.27 0.339 -14.37 0.0019 0.192 
0.0018 0.057 -10.72 0.407 -21.14 0.0006 0.030 
0.0009 0.014 -13.78 0.437 -25.73 0.0003 0.007 
0.0011 0.005 -15.12 0.462 -30.88 0.0001 0.001 
0.2 0.169 -7.82 
0.4 0.256 -9.67 
0.6 0.360 -15.72 
0.8 0.415 -18.40 
0.2 0.221 -9.39 
0.4 0.283 -10.56 
0.6 0.368 -15.73 
0.8 0.422 -21.67 
0.2 0.248 -9.78 
0.4 0.321 -12.01 
0.6 0.384 -16.18 
0.8 0.431 -21.42 
0.2 0.261 -10.16 
0.4 0.346 -13.88 
0.6 0.402 -18.86 
0.8 0.439 -23.43 
0.2 0.339 -12.87 
0.4 0.403 -17.67 
<d.e 0.438 -22.13 
0.8 0.466 -23.92 
-9.05 0.0020 0.765 
-9.39 0.0033 0.635 
-16.48 0.0009 0.139 
-24.14 0.0002 0.017 
-5.76 0.0045 0.994 
-12.35 0.0007 0.514 
-18.02 0.0003 0.147 
-23.59 0.0001 0.031 
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Table 4.6: Micellar compositions {X\'", X^), interaction parameters (/T, yf), and 
activity coefficients {[{", fT. f°, fi") of binary mixtures of hexanediyl-1, 6-bis 
(dimethylcetylammonium bromide) and alkyl amines at different mole fractions of 
alkyl amines (aj). 
«1 xr /r fin h h AGer (kJ mol') 
X{ r K h" 
0.2 0.180 -7.92 0.0049 
System: C4NH2/I6-6-I6 
0.774 -2.94 0.151 -7.72 0.0038 0.838 
0.4 0.259 -9.43 0.0056 0.531 ^ . 5 6 0.260 -10.61 0.0030 0.488 
0.6 0.336 -12.52 0.0040 0.243 -7.04 0.339 -14.45 0.0018 0.190 
0.8 0.385 -14.49 0.0042 0.117 
-8.63 0.383 -16.46 0.0019 0.089 
0.2 0.221 -9.05 0.0041 
System: C5NH2/I6-6-I6 
0.643 -3.93 0.125 -7.33 0.0037 0.892 
0.4 0.288 -10.44 0.0050 0.421 -5.40 0.274 -12.13 0.0017 0.402 
0.6 0.364 -14.54 0.0028 0.146 -8.47 0.343 -15.88 0.0011 0.154 
0.8 0.408 -17.13 0.0025 0.057 -10.43 0.396 -20.29 0.0006 0.041 
0.2 0.301 -12.57 0.0022 
System 
0.320 
: C6NH2/I6-6-I6 
-6.65 0.297 -11.98 0.0027 0.347 
0.4 0.335 -12.67 0.0037 0.241 -7.11 0.335 -12.31 0.0043 0.251 
0.6 0.374 -14.07 0.0040 0.140 -8.30 0.379 -14.22 0.0042 0.130 
0.8 0.421 -17.39 0.0029 0.046 -10.69 0.424 -17.38 0.0031 0.044 
0.2 0.322 -13.97 0.0016 
System; 
0.235 
: C7NH2/I6-6-I6 
-7.70 0.320 -15.85 0.0007 0.197 
0.4 0.366 -15.60 0.0019 0.124 -9.11 0.355 -16.74 0.0009 0.124 
0.6 0.401 -17.76 0.0017 0.057 -10.76 0.388 -18.75 0.0009 0.059 
0.8 0.435" -20.54 0.0014 0.020 -12.77 0.425 -22.45 0.0006 0.017 
0.2 0.365 -15.06 0.0023 
System: C8NH2/I6-6-I6 
0.134 -8.80 0.374 -15.40 0.0024 0.116 
0.4 0.397 -15.63 0.0034 0.085 -9.43 0.408 -16.54 0.0030 0.064 
0.6 0.423 -16.39 0.0043 0.053 -10.08 0.434 -17.74 0.0034 0.035 
0.8 0.458 -20.14 0.0027 0.015 -12.56 0.465 -21.02 0.0024 0.011 
132 
Table 4.7: Comparison table for synergism of the mixed systems 
of gemini surfactant butanediyl-l, 4-bis(dimethylcetylammonium 
bromide) and alkyl amines. 
In(C,^/C2^) InCCr/Cz"') ff-pr 
System: C4NH2/16-^-16 
0.2 6.86 5.72 -0.29 
0.4 -0.25 
0.6 -0.99 
0.8 
System: C5NH2/16-¥-16 
-1.32 
0.2 8.10 5.45 -2.55 
0.4 -1.66 
0.6 -1.47 
0.8 
System: C6NH2/16-'/-16 
-0.17 
0.2 5.48 4.98 +1.43 
0.4 -0.32 
0.6 +2.18 
0.8 
System: C7NH2/16-^-16 
+1.51 
0.2 6.21 4.85 -0.64 
0.4 +1.96 
0.6 -1.89 
0.8 
System: C8NH2/16-^-16 
+0.09 
0.2 4.65 3.77 +0.40 
0.4 -0.33 
0.6 -0.04 
0.8 
-0.37 
a _ 
«! = mole fraction of the alkyl amine. 
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Table 4.8: Comparison table for synergism of the mixed 
systems of gemini surfactant pentanediyl-1, 5-
bis(dimethylcetylammonium bromide) and alkyl amines. 
ai" In(C, VCz^ ') ln(Cr/C2'") if-r 
System: C4NH2/I6-5-I6 
0.2 6.12 5.34 -1.23 
0.4 +0.28 
0.6 -0.76 
0.8 
System: C5NH2/I6-5-I6 
-5.74 
0.2 7.41 5.11 +3.63 
0.4 -1.79 
0.6 -2.30 
0.8 
System: C6NH2/I6-5-I6 
-1.92 
0.2 4.74 4.65 +0.98 
0.4 -0.11 
0.6 -2.04 
0.8 
System: C7NH2/I6-5-I6 
-0.85 
0.2 5.48 4.52 +0.17 
0.4 -0.82 
0.6 -0.58 
0.8 
System: C8NH2/I6-5-I6 
-1.67 
0.2 3.91 3.43 -1.51 
0.4 -3.47 
0.6 -3.60 
0.8 -6.96 
a _ ax = mole fraction of the alkyl amine. 
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Table 4.9: Comparison table for synergism of the mixed systems of 
gemini surfactant hexanediyl-1, 6-bis(dimethylcetylammonium 
bromide) and alkyl amines. 
«," ln(C,^/C2^) InCCr/Cz") ff-pr 
0.2 
System: C4NH2/I6-6-I6 
5.73 5.20 +0.19 
0.4 -1.18 
0.6 -1.93 
0.8 -1.97 
0.2 
System: C5NH2/I6-6-I6 
6.05 4.93 -1.72 
0.4 -1.69 
0.6 -1.35 
0.8 -3.16 
0.2 
System: C6NH2/I6-6-I6 
4.35 4.46 +0.59 
0.4 +0.36 
0.6 -0.15 
0.8 +0.01 
0.2 
System: C7NH2/I6-6-I6 
5.08 4.33 -1.88 
0.4 -1.14 
0.6 -0.99 
0.8 -1.92 
0.2 
System: C8NH2/I6-6-I6 
3.01 3.25 -0.34 
0.4 -0.91 
0.6 
-1.35 
0.8 -0.88 
^«i = mole fraction of the alkyl amine. 
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Figure 4.1: Variation of surface tension (y) with concentration of gemini 
surfactant 16-4-16 at different fixed concentrations of butylamine (A), 
pentylamine (B), hexylamine (C), heptylamine (D), and octylamine (E). 
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Figure 4.3; Variation of surface tension (y) with concentration of gemini 
surfactant 16-5-16 at different fixed concentrations of butylamine (A), 
pentylamine (B), hexylamine (C), heptylamine (D), and octylamine (E). 
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In part A of this Chapter, we have investigated the 16-5-16 gemini micelles 
in the presence of primary linear alkyl amines. In order to have more detailed 
information, we have taken here some different amines (bearing more than one 
nitrogen atoms), e. g., ethylenediamine, diethylenetriamine, triethylenetetramine 
and tetraethylenepentamine, to see their effect on the 16-5-16 type gemini 
surfactants. The effect of amines, especially those bearing several nitrogen atoms, 
on the micellization of surfactants has been rarely reported. In this part, the effect 
of amine additives (mentioned above) on the CMC of cationic gemini surfactants 
and other related parameters are discussed systematically. 
Results and discussion 
The CMC values of different combinations of the gemini (16-5-16, where 
s = 4, 5, 6) and ethyleneamine (ethylenediamine, diethylenetriamine, 
triethylenetetramine, tetraethylenepentamine) mixtures, evaluated from the surface 
tension (7) versus logarithm of total gemini surfactant concentration in solution 
(logC,) profiles are shown in Figures 4.5 to 4.7, are presented in Tables 4.10 to 
4.12. The CMC values decrease with increasing concentration as well as the 
number of ethylene group of the additives whereas increase in spacer chain length 
of the gemini produces an opposite effect (Tables 4.10 to 4.12). The trend is 
shown in Figure 4.8 (A-C) wherein we find the order to be: 
tetraethylenepentamine > triethylenetetramine > diethylenetriamine > 
ethylenediamine. 
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This order is consistent with the number of nitrogen atoms and the length of 
hydrocarbon portion of the amine additives. This effect may be attributed to the 
hydrogen bonds, formed between the nitrogen atoms of amine additives and the 
water molecules in the electrical double layer and in the alkyl region near the 
palisade layer of the micelle. 
Furthermore, amine additives may be incorporated into the polar head 
groups of the surfactants, which results in increasing the distance between ionic 
head groups of surfactants and decreases the charge density of the micellar 
surface. That is to say, the addition of amine also involves the favourable factors 
of micellar formation. In addition, the existence of amines may affect 
micellization of ionic surfactants in two ways. Firstly, the nitrogen atoms, bearing 
lone-pair of electrons, tend to form hydrogen bonds with water and break down 
the "ice berg" structure formed around the monomers. Secondly, the hydrophobic 
alkyl portion of the amine has a tendency to incorporate in micelles, and the amine 
incorporated in micelles may also replace some of the water molecules at the 
interface. This replacement increases the distance between head groups and 
decreases the charge density of the micellar surface. These two effects both 
contribute to the micellization of the surfactants. 
The values of different surface properties (viz., C20, CMC/C20, HCMC, J^max, 
Amin, and G',r,in), Obtained at different mole fractions of the added ethyleneamines 
in 16-.y-16 solutions, are collected in Tables 4.10 to 4.12. The values of UCMG 
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rmax, AmiK, and G\i„ are deduced from equations (3.1), (3.2), (3.3), and (3.4), 
respectively. In all cases, the C20 values decrease v^ i^th additive concentration and 
follow similar trend for all the amines. The magnitude of the negative log of the 
C20 value is 2 or 3 orders smaller than that of comparable conventional cationic 
surfactant [38] and also in good agreement with the previous work [35] showing 
that the presence of two hydrophobic groups in the gemini molecule results in 
greater surface activity. As expected, the C20 value increases with increasing the 
spacer chain length of the gemini surfactants. The CMC/C20 ratio is a kind of 
measure for evaluating micellization and adsorption behaviour. With increasing 
the amine concentration, the value of UCMC increases, indicating that the efficiency 
of the system increases (Tables 4.10 to 4.12). Also, the values of UCMC decrease 
with increasing the spacer length of the gemini surfactants. 
The gemini surfactant solutions with amines, compared to a pure gemini 
surfactant solution, have greater preference to be adsorbed at the air/water 
interface. The repulsion among the head groups decreases in the presence of 
ethyleneamines and causes adsorption of more gemini molecules at the interface. 
This is confirmed by the low values of ^ ^m-
The A„i„ decreases with increasing the additive concentration. The 
progressive charge shielding and closer packing of the gemini surfactant ions in 
the surface causes decrease in the area with increasing additive concentration 
(Tables 4.10 to 4.12). This result suggests that the orientation of the gemini 
surfactant molecules at the interface is thus almost perpendicular to the interface 
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[36]. The r„,ax values decrease with increasing the spacer length both in absence 
and presence of amines and are in the order: 16-'^ -16 < 16-5-16 < 16-6-16; but the 
A^i„ followed the reverse order, i.e., 16-5-16 > 16-5-16 > 16-'^ -16. This may be 
due to intramolecular head group distances. In this case, the spacer chain could be 
in contact with water. With addition of amines, the values oiFmax increase and the 
values of ^ ;„/„ decrease and the same trend is followed by all the systems. 
The G\,in values listed in Tables 4.10 to 4.12, are found to decrease with 
increasing the additive (amines) mole fraction. The low values of G „^,„ indicate 
that the more thermodynamically stable surface is formed. 
The values of interaction parameters are obtained on the basis of Rubingh and 
Rosen models (by using equations (3.5), (3.6), (3.9), and (3.10)). At all mole 
fractions of the mixed systems, they9^ values are negative (Tables 4.13 to 4.15), 
suggesting that the interaction is more attractive in between the two components in 
the mixed micelles than the self-interaction of the two components before mixing. 
As the mole fraction of ethleneamines increases, ^  values become more negative. 
This indicates an increase in the attractive interaction with the increase in [amines] 
due to intercalation of amines in the micelles of gemini surfactants which 
increases the hydrophobic interactions. 
The values of yS^  are mentioned in Tables 4.13 to 4.15. We see that ^ is more 
negative than ^ because reduction of electrostatic repulsion of the ionic groups is 
more effective at the planar air/aqueous solution interface than at the convex 
micelle surface. Moreover, the two hydrophobic groups can more easily be 
146 
accommodating at the planar air/aqueous solution interface than in the interior of a 
cylindrical or spherical micelle. 
The values of/iG^^, are listed in Tables 4.13 to 4.15, which are negative for 
all mole fractions of the amines and the magnitude increases (^G^ becomes more 
negative) with the increasing amine mole fraction, indicating stability of the 
micelles. 
Synergism 
There is very good synergism in surface tension reduction efficiency for the 
gemini/ethylenelamine mixtures (Tables 4.16 to 4.18). Synergism in the mixed 
micelle formation exists when the CMC of the mixture is less than that of either 
surfactant of the mixture. The conditions are the following [37] 
1. 0" must be negative 
2. \/r\>\ln(C;'/C,"')\ 
The conditions for the synergism in surface tension reduction efficiency are [37] 
1. ^ must be negative 
2.^?^|>|ln(C,^/C/)| 
Synergism in surface tension reduction effectiveness depends upon the values of 
both/T and y?^ . The conditions for this type of synergism to exist are [37] 
1. ^-^ must be negative 
2. I ^ ~ n > [|ln(C,VC/)I -\ln(Cr/C,"')\] 
147 
Here, all the systems investigated for gemini/ethyleneamines have the potential for 
showing synergism in surface tension reduction effectiveness. 
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Table 4.10: Effect of additive (alcohols) concentrations on the CMC, C20, CMC/C20, 
ncMc, ^max, ^min, and G'min valucs of cationic gemini butanediyl-1, 4-
bis(dimethylcetylammonium bromide) surfactant in aqueous solutions at 303 K. 
a l" 10^  CMC 10^ C '20 CMC/C20 UcMC l^T^a. 4 • " min 
(mol dm'^) (mol dm-^) (mN m"') (mol m'^ ) (A^) (kJ mol"') 
System: Ethylenediamine/16-^-16 
0 2.72 0.83 321 30.0 1.66 100.0 25.30 
0.2 2.34 1.09 2.15 30.8 2.15 77.2 19.18 
0.4 1.54 0.60 2.61 31.7 2.26 73.5 17.84 
0.6 1.38 0.63 2.18 34.2 2.87 57.9 13.16 
0.8 0.46 0.24 1.91 36.6 2.91 57.1 12.16 
System: Diethylenetriamine/16-'/-16 
0.2 2.19 0.91 2.40 31.9 1.88 88.3 21.31 
0.4 1.90 0.63 3.01 33.8 2.01 82.6 19.02 
0.6 1.58 0.30 5.23 36.8 2.27 73.1 15.51 
0.8 0.29 0.17 1.73 41.1 2.73 60.8 11.33 
) System : Triethylenetetramine/16-^-16 
0.2 1.44 0.48 3.01 31.8 1.87 88.8 21.50 
0.4 0.35 0.14 2.41 33.8 2.30 72.2 16.63 
0.6 0.30 0.13 2.26 36.9 2.36 70.3 14.81 
0.8 0.28 0.12 2.32 37.9 2.51 66.1 13.56 
System: Tetraethylenepentamine/16-¥-16 
0.2 1.38 0.38 3.63 34.6 1.94 85.6 19.31 
0.4 0.91 0.25 3.63 35.8 2.15 77.2 16.86 
0.6 0.50 0.14 3.60 36.6 2.34 70.9 15.13 
0.8 0.30 0.12 2.49 38.8 2.91 57.0 11.41 
^ai = mole fraction of the ethyleneamine. 
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Table 4.11: Effect of additive (alcohols) concentrations on the CMC, C20, CMC/C20, 
ncMC, ^max, ^min, and Cmin valucs of cationic gemini pentanediyl-1, 5-
bis(dimethylcetylammonium bromide) surfactant in aqueous solutions at 303 K. 
a," 10* CMC 10'Go CMC/C20 IIcMC i " •• max -'4 mm " min 
(mol dm''') (mol dm" )^ (mN m"') (mol m'^ ) (A^) (kJ mol"') 
System: Ethylenediamine/16-5-16 
0 3.80 0.87 4.36 26.5 1.03 161.2 44.18 
0.2 3.63 1.81 2.00 27.8 2.05 81.0 21.54 
0.4 3.10 1.32 2.35 30.6 2.26 73.5 18.34 
0.6 1.51 0.72 2.08 34.4 2.63 63.1 14.30 
0.8 0.36 0.27 1.32 36.9 2.69 61.7 13.06 
System: Dlethylenetriamlne/16-5-16 
0.2 3.31 1.00 3.31 29.1 1.76 94.3 24.39 
0.4 2.91 0.87 3.34 30.9 1.94 85.6 21.20 
0.6 0.79 0.40 1.99 33.9 2.06 80.6 18.47 
0.8 0.29 0.14 2.00 36.5 2.87 57.8 12.37 
{ System: Triethylenetetramine/16-5-16 
0.2 2.29 0.83 2.75 28.6 2.03 81.8 21.39 
0.4 0.48 0.32 1.52 30.7 2.39 69.5 17.29 
0.6 0.14 0.06 2.19 33.8 2.48 66.9 15.40 
0.8 0.04 0.03 1.38 36.6 2.58 64.3 13.71 
System: Tetraethyle nepentamine/16-5-16 
0.2 1.96 0.50 3.91 29.5 1.67 99.4 25.43 
0.4 0.53 0.29 1.83 32.7 2.62 63.4 15.00 
0.6 0.36 0.17 2.16 33.7 2.87 57.8 13.32 
0.8 0.30 0.19 1.57 37.4 3.08 53.9 11.23 
'oTi = mole fraction of the ethyleneamine. 
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Table 4.12; Effect of additive (alcohols) concentrations on the CMC, C2o,CMC/C2o, 
ncMc, r^ax, ^min, and G\i„ valucs of cationic gemini hexanediyl-1, 6-
bis(dimethylcetylammonium bromide) surfactant in aqueous solutions at 303 K. 
«," 10^ CMC WC20 CMC/C20 HcMC ioT„^ A • " min 
(mol dm'^) (mol dm'^) (mN m ' ) (mol m"^ ) (A^) (kJ mol"') 
Systi em: Ethylenediamine/16-6-16 
0 4.57 1.00 4.19 26.5 0.88 188.7 51.71 
0.2 2.40 0.83 2.88 25.7 1.32 125.8 35.11 
0.4 1.17 0.55 2.13 28.8 1.70 97.7 25.43 
0.6 0.99 0.33 2.99 32.9 1.95 85.1 20.02 
0.8 0.60 0.15 3.95 38.8 2.22 74.8 14.94 
System: Diethylenetriamine/16-6-16 
0.2 2.57 0.72 3.55 27.8 1.42 116.9 31.15 
0.4 1.58 0.32 5.00 34.6 1.62 102.5 23.03 
0.6 0.59 0.23 2.57 37.6 1.76 94.3 19.57 
0.8 0.36 0.12 2.96 39.3 1.85 89.8 17.65 
System i: Triethylenetetramine/16-6-16 
0.2 1.26 0.52 2.40 27.2 1.56 106.4 28.75 
0.4 0.72 0.13 5.75 33.3 1.66 100.0 23.34 
0.6 0.40 0.12 3.16 35.1 1.94 85.5 19.02 
0.8 0.23 0.06 3.71 36.7 2.32 71.6 15.21 
System: Tetraethylenepentamine/16-<i-16 
0.2 0.79 0.36 2.19 27.0 1.47 112.9 30.60 
0.4 0.55 0.19 2.88 31.9 1.94 85.6 20.63 
0.6 0.28 0.07 4.08 35.3 2.08 79.8 17.62 
0.8 0.20 0.05 3.99 38.7 2.41 68.9 13.83 
ai = mole fraction of the ethyleneamine. 
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Table 4.13: Micellar compositions {Xx'", Xx"), interaction parameters {jT, / f ) , 
and activity coefficients {f\",fi"<f\Ji') of binary mixtures of butanediyl-1, 4 -
bis(dimethylcetylammonium bromide) and ethyleneamines at different mole 
fractions of ethyleneamines (ai). 
a, xr pr / r /z™ AG,, XX" pr / r f{ 
(kj mol"') 
System: EthyIenediamine/16-^-16 
0.2 0.158 -8.13 0.0031 0.816 -2.73 0.106 -8.35 0.0013 0.910 
0.4 0.263 -11.01 0.0025 0.467 -5.38 0.133 -7.97 0.0025 0.868 
0.6 0.313 -12.45 0.0028 0.295 -6.75 0.241 -11.13 0.0016 0.524 
0.8 0.393 -18.79 0.0010 0.055 -11.29 0.353 -18.06 0.0005 0.105 
System: Diethylenetriamine/16-'/-16 
0.2 0.176 -8.06 0.0042 0.779 -2.94 0.057 -3.48 0.0455 0.989 
0.4 0.250 -9.37 0.0051 0.557 ^ .43 0.093 -5.28 0.0130 0.955 
0.6 0.313 -11.18 0.0051 0.334 -6.06 0.295 -11.91 0.0027 0.354 
0.8 0.410 -19.99 0.0010 0.035 -12.17 0.394 -20.51 0.0005 0.041 
System: Triethylenetetramine/16-'/-16 
0.2 0.243 -9.95 0.0034 0.556 -4.61 0.063 -5.35 0.0092 0.979 
0.4 0.359 -16.60 0.0011 0.118 -9.62 0.322 -15.86 0.0007 0.193 
0.6 0.387 -17.67 0.0013 0.078 -10.41 0.356 -17.29 0.0008 0.112 
0.8 0.418 -19.18 0.0015 0.035 -11.76 0.391 -19.06 0.0009 0.054 
System: Tetraethylenepentamine/16-'/-16 
0.2 0.251 -9.76 0.0042 0.540 -4.626 0.191 -9.15 0.0025 0.716 
0.4 0.321 -11.81 0.0043 0.296 -6.485 0.277 -11.55 0.0024 0.412 
0.6 0.378 -15.02 0.0030 0.117 -8.893 0.350 -15.62 0.0014 0.147 
0.8 0.422 -18.38 0.0022 0.038 -11.29 0.389 -17.44 0.0015 0.071 
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Table 4.14: Micellar compositions {X^"', X^"), interaction parameters {fiT, ^), 
and activity coefficients {fC. f-T, f\. fi) of binary mixtures of pentanediyl-1, 5 -
bis (dimethylcetylammonium bromide) and ethyleneamines at different mole 
fractions of ethyleneamines (oti). 
«i xr pr fr fi" AG« xx" If /," f{ 
(kJ mol"') 
-5.80 0.0057 0.982 
-6.02 0.0077 0.940 
-13.62 0.0014 0.284 
•22.61 0.0003 0.029 
System: Ethylenediamine/16-5-16 
0.2 0.135 -6.91 0.0057 0.882 -2.031 0.056 
0.4 0.229 -8.68 0.0057 0.634 -3.86 0.101 
0.6 0.332 -13.10 0.0029 0.236 -7.32 0.304 -
0.8 0.409 -20.59 0.0008 0.032 -12.54 0.395 -
System: Diethylenetriamine/16-5-16 
0.2 0.162 -7.09 0.0069 0.830 -2.42 0.106 -5.94 0.0087 0.935 
0.4 0.244 -8.44 0.0081 0.605 -3.92 0.171 -6.47 0.0117 0.828 
0.6 0.366 -15.23 0.0022 0.130 -8.90 0.375 -18.01 0.0009 0.079 
0.8 0.421 -20.84 0.0009 0.025 -12.80 0.411 -20.64 0.0008 0.030 
System: Triethylenetetramine/16-5-16 
0.2 0.231 -8.77 0.0056 0.626 -3.92 0.217 -9.45 0.0031 0.641 
0.4 0.364 -16.10 0.0015 0.118 -9.39 0.346 -16.24 0.0010 0.143 
0.6 0.413 -21.70 0.0006 0.025 -13.27 0.400 -22.16 0.0003 0.029 
0.8 0.448 -28.01 0.0002 0.004 -17.29 0.431 -25.84 0.0002 0.008 
System: Tetraethylenepentamine/16-5-16 
0.2 0.254 -9.23 0.0059 0.551 -4.41 0.252 -10.62 0.0026 0.509 
0.4 0.366 -15.25 0.0022 0.130 -8.91 0.355 -16.43 0.0011 0.126 
0.6 0.401 -17.26 0.0020 0.062 -10.45 0.419 -26.09 0.0002 0.010 
0.8 0.433 -19.18 0.0021 0.027 -11.89 0.414 -18.74 0.0016 0.040 
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Table 4.15: Micellar compositions (Xi"", Xi"), interaction parameters (yT, ^), 
and activity coefficients (fi'". fT, fi". fi') of binary mixtures of hexanediyl-1, 6-
bis(dimethylcetylammonium bromide) and ethyleneamines at different mole 
fractions of ethyleneamines (ai). 
«1 ^ 1 /r / I J2 
(kJ mol') 
^ / i " fz' 
0.2 0.238 -10.59 
System: Ethylenediamine/16-6-16 
0.0021 0.549 ^ .84 0.275 -14.67 0.0005 0.330 
0.4 0.324 -14.19 0.0015 0.226 -7.82 0.330 -17.32 0.0004 0.152 
0.6 0.360 -15.50 0.0018 0.134 -8.99 0.350 -17.20 0.0007 0.122 
0.8 0.407 -19.03 0.0012 0.043 -11.56 0.403 -22.76 0.0003 0.025 
0.2 0.236 -9.60 
System: DiethyIenetriamine/16-6-] 
0.0037 0.586 ^ . 36 0.305 
16 
-12.60 0.0023 0.310 
0.4 0.315 -12.12 0.0034 0.300 -6.59 0.375 -16.93 0.0013 0.093 
0.6 0.383 -16.98 0.0016 0.083 -10.10 0.413 -20.56 0.0008 0.030 
0.8 0.423 -20.37 0.0011 0.026 -12.54 0.442 -23.31 0.0007 0.011 
0.2 0.304 -12.50 
System: Triethylenetetramine/16-(J-
0.0023 0.315 -6.66 0.324 
-16 
-15.62 0.0008 0.194 
0.4 0.360 -14.86 0.0023 0.146 -8.62 0.387 -21.24 0.0003 0.042 
0.6 0.401 -17.80 0.0017 0.057 -10.78 0.395 -19.12 0.0009 0.051 
0.8 0.436 -21.11 0.0012 0.018 -13.09 0.431 -22.92 0.0006 0.014 
0.2 0.333 
System: Tetraethylenepentaniine/16-<J-16 
-14.19 0.0018 0.207 -7.94 0.340 -17.28 0.0005 0.136 
0.4 0.374 -15.57 0.0022 0.113 -9.19 0.363 -16.96 0.0010 0.107 
0.6 0.412 -18.69 0.0016 0.042 -11.40 0.413 -23.11 0.0004 0.019 
0.8 0.443 -21.24 0.0014 0.015 -13.25 0.434 -23.67 0.0005 0.012 
154 
Table 4.16: Comparison table for synergism of the mixed systems 
of gemini surfactant butanediyl-1, 4-bis(dimethylcetylammonium 
bromide) and ethyleneamines. 
\xi{Cx/Ci) InCC/'/Cz"*) If-pr 
System: Ethylenediamine/16-^-16 
0.2 7.32 5.85 -0.22 
0.4 +3.04 
0.6 +1.32 
0.8 
System: Diethylenetriamine/16-^-16 
+0.73 
0.2 5.48 5.38 +4.58 
0.4 +4.46 
^.6 -0.74 
0.8 
System: Triethylenetetramine/16-'^-16 
-0.52 
0.2 5.99 4.87 +4.60 
0.4 +0.74 
0.6 +0.38 
0.8 
System: Tetraethylenepentamine/16-'/-l6 
+0.12 
0.2 5.94 4.57 +0.62 
0.4 +0.26 
0.6 -0.61 
0.8 +0.94 
ari = mole fraction of the ethyleneamine. 
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Table 4.17: Comparison table for synergism of the mixed systems 
of gemini surfactant pentanediyl-1, 5-bis(dimethylcetylammonium 
bromide) and ethyleneamines. 
a.^ ln(C,^ /C2 )^ MdyCi") pr-pr 
System: Ethylenediamine/16-5-16 
0.2 6.59 5.52 +1.11 
0.4 +2.66 
0.6 -0.52 
0.8 
System: Diethylenetriamine/16-5-16 
-2.02 
0.2 4.74 5.05 + 1.14 
0.4 -2.78 
0.6 +1.97 
0.8 
System: Triethylenetetramine/16-5-16 
+0.20 
0.2 5.25 4.53 -0.68 
0.4 -0.14 
0.6 -0.46 
0.8 
System: Tetraethylenepentamine/16-5-16 
-5.83 
0.2 5.20 4.24 -1.39 
0.4 
-1.10 
0.6 -8.82 
0.8 +0.44 
ax = mole fraction of the ethyleneamine. 
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Table 4.18; Comparison table for synergism of the mixed systems 
of gemini surfactant hexanediyl-1, 6-bis(dimethylcetylammonium 
bromide) and ethyleneamines. 
ln(C,^/C2^) InCCr/Cz"*) fC-fT 
System: Ethylenediamine/16-6-16 
0.2 6.19 5.33 -4.08 
0.4 -3.14 
0.6 -1.70 
0.8 
System: Diethylenetriamine/16-<J-16 
-3.73 
0.2 4.35 4.86 -2.99 
0.4 -4.81 
0.6 -3.58 
0.8 
System: Triethylenetetramine/16-<J-16 
-2.94 
0.2 4.86 4.35 -3.12 
0.4 -6.56 
0.6 -1.31 
0.8 
System: Tetraethylenepentamine/16-6-16 
-1.83 
0.2 4.81 4.05 -3.09 
0.4 -1.38 
0.6 -4.42 
0.8 -2.43 
a\ = mole fraction of the ethyleneamine. 
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Figure 4.5: Plots of surface tension (y) with logarithm of gemini surfactant 
16-^-16 concentration (logCt) at different fixed concentrations of ethyleneamines 
(ethylenediamine (A), diethylenetriamine (B), triethylenetetramine (C), and 
tetraethylenepentamine (D)). 
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Figure 4.6: Plots of surface tension (y) with logarithm of gemini surfactant 
16-5-16 concentration (logC,) at different fixed concentrations of ethyleneamines 
(ethylenediamine (A), diethylenetriamine (B), triethylenetetramine (C), and 
tetraethylenepentamine (D)). 
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Figure 4.7: Plots of surface tension (y) with logarithm of gemini surfactant 
16-6-16 concentration (logC,) at different fixed concentrations of ethyleneamines 
(ethylenediamine (A), diethylenetriamine (B), triethylenetetramine (C), and 
tetraethylenepentamine (D)). 
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